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Angiogenesis  and  metastasis  are  two  processes  that  are  central  to  the  progression  of  cancer.  As  such,  they  have  become  important  targets 
for  the  de  velopment  of  anti-cancer  a  gents.  I  nvasive  an  d  m  etastatic  cancers  of  t  he  breast  are  di  stinguished  by  t  heir  pr  opensity  of  n  ewly 
formed  blood  vessels  (neoangiogenesis).  Neoangiogenesis  is  a  significant  independent  prognostic  indicator  in  early  stage  breast  cancer  (1). 
Delineating  the  molecular  mechanism(s)  of  n  eoangiogenesis  may  provide  new  insights  into  the  biology  of  breast  can  cer  progression  and 
metastasis  and  m  ay  provide  novel  prognostic  a  nd  therape  utic  t  ools.  Recently,  the  plasm  inogen  (P  LG)/plasmin  (PL)  syst  em  was 
demonstrated  to  play  an  important  role  in  breast  cancer  progression  and  metastasis.  Experimental  studies  in  animal  models  combined  with 
extensive  clinicopathological  data  provide  a  compelling  case  indicating  that  proteins  of  PLG/  PL  pathways  play  a  key  role  in  breast  cancer 
progression  and  metastasis(2).  In  this  context,  enzymes  ofthe  PLG/PL  pathway  have  been  reported  to  have  prognostic  value  in  breast 
cancer  and  are  associated  with  poor  prognosis  both  for  overall  and  disease  free  survival(2).  In  fact  these  molecules  have  been  associated 
with  a  high  rate  of  relapse  for  patients  with  breast  cancer  Preliminary  studies  in  animal  model  demonstrated  that  PLG  gene  deficient  mice 
(PLG-/-)  display  in  hibition  of  t  umor  inv  asion,  ly  mph  node  m  etastasis  and  an  giogenesis  sup  porting  th  e  id  ea  t  hat  PL  is  requ  ired  f  or 
angiogenesis,  tumor  growth  and  metastasis(3).  Despite  established  role  in  tumor  angiogenesis,  growth  and  metastasis  it  is  still  unclear  how 
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INTRODUCTION 

Sprouting  of  new  blood  vessels  and  metastasis  are  two  proeesses  that  are  eentral  to  the 
progression  of  caneer.  As  sueh,  they  have  beeome  important  targets  for  the  development  of  anti¬ 
cancer  agents.  The  plasm  inogen/plasmin  system,  a  serine  protease  pathway,  is  known  to  trigger 
sprouting  of  new  blood  vessels  therefore  plays  a  critical  role  in  breast  cancer  (1).  Analysis  of  the 
enzymes  of  the  plasminogen/plasmin  system  clearly  suggests  that  high  urokinase-type 
plasminogen  activator  (uPA)  in  human  breast  tumors  predicts  poor  survival  (2,  3)  and  is 
significantly  associated  with  a  high  rate  of  relapse  for  patients  with  breast  cancer  (2).  Despite  the 
established  role  of  the  plasm  inogen/plasmin  sy  stem  in  breast  cancer,  the  receptor(s)  which 
regulates  conversion  of  zym  ogen  plasm  inogen  to  active  enzym  e  plasm  in  in  breast  cancer  are 
poorly  understood.  In  the  physiological  system  two  different  mechanisms  of  plasmin  generation 
have  been  established.  The  first  m  echanism  is  involved  in  binding  of  uPA  to  its  receptor  uPAR 
while  the  second  mechanism  converts  plasm  inogen  to  plasm  in  by  binding  of  tissue  type 
plasminogen  activator  (tPA)  to  its  receptor  annexi  n  II.  This  annexin  II  de  pendent  plasmin  exerts 
fibrinolytic  activity  that  m  aintains  continuous  blood  flow  in  vessels  by  dissolving  intravascular 
fibrin  clots. 

Annexin  II  is  reported  to  be  an  endothelial  cell  receptor  which  provides  binding  sites  for 
plasminogen  and  tPA  for  efficient  plasm  in  generation  (4,  5).  A  num  ber  of  reports  have  shown 
that  cell  su  rface  annex  in  II  regulates  plasmin  generation  (5,  6  )  which  in  tu  rn  facilitates 
extracellular  matrix  (ECM)  degradation,  cell  invasion  (6-8),  and  m  igration  (9)  and  thus  plays  an 
important  role  in  neoangiogenesis  (10).  There  are  speculations  that  annex  in  II  derived 
neoangiogenesis  may  be  involved  in  m  etastasis,  and  tumor  progression.  This  might  explain  why 
we  and  other  investigators  have  consistently  found  over  expression  of  annexin  II  in  various 
cancers  including  breast  cancer  (1  1-19).  Overexpr  ession  of  annexin  II  in  cancer  seems  to 
correlate  with  advanced  stage  with  poor  prognosis  and  metastasis  (11,  17,  18,  20). 

Breast  cancer  growth  and  m  etastasis  requires  extensive  neoangiogenesis.  The  fact  is  that 
neoangiogenesis  is  an  independe  nt  and  highly  significant  prognosti  c  indicator  for  overall  and 
relapse-free  surviva  1  in  patients  with  ear  ly-stage  breast  carcinom  a  ( 21).  Angiostatin,  a  potent 
inhibitor  of  angiogenesis,  was  re  ported  to  inhibit  hum  an  breast  cancer  growth  and  metastasis  in 
xenograft  model  (22,  23)  suggesting  that  anti-angiogenic  therapy  could  be  a  potential  therapeutic 
approach  for  breast  cancer.  Previously  we  have  reported  that  angiostatin  binds  to  endothelial  cell 
surface  ann  exin  II  (24).  These  findings,  together  with  observations  that  angiostatin  inhibits 
neoangiogenesis  dependent  growth  of  breast  cancer  may  argue  that  angiostatin  inhibits 
neoangiogenesis  dependent  breast  cancer  growth  and  metastasis  by  interfering  with  annexin 
II/tPA  dependent  plasmin  generation  in  tumor  microenvironment. 

tPA  is  secreted  by  end  othelial  cells  (EC)  and  is  a  lig  and  for  cell  surface  annex  in  II. 
Emerging  reports  and  clinical  observations  link  tPA  to  neoplastic  transformation  and  the  invasive 
phenotype  of  highly  aggressive  tu  mors  such  as  glioblastom  a  ( 25),  m  elanoma  (26)  pancreatic 
cancer  (27)  and  breast  cancer  (28,  2  9).  The  functional  role  of  tPA  and  it  s  receptor  annexin  II  in 
breast  tumor  biology  is  not  well-understood.  Recent  studies  have  provided  evidence  that  showed 
association  of  tPA  with  the  invasion  of  highly  aggressive  MDA-MB-435s  br  east  cancer  cells 
(30).  Since  tPA  plays  a  major  role  in  plasmin  generation,  consistently  plasmin  has  been  linked  to 
invasive  and  metastatic  breast  cancer  (1).  Inde  ed,  recent  studies  have  clearly  demonstrated  over 
expression  of  annexin  II  in  m  any  cancer  types  and  may  argue  that  annexin  II  functions  as  a 
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regulator  of  neoangiogenesis  in  vivo.  However  the  preeise  mechanism  by  which  annexin  II  is 
involved  in  cancer  progression  and  metastasis  is  still  unclear. 

In  this  repo  rt  we  inves  tigated  if  tPA  interac  tion  on  breast  cell  surface  annexin  1 1  is  a 
molecular  switch  to  regulate  localized  plasmin  generation  in  vitro  and  neoangiogenesis  in  vivo. 
Taken  together,  this  research  may  provide  a  clue  for  the  annexin  Il-dependent  m  echanism  of 
neoangiogenesis  and  its  dependent  breast  cancer  progression  and  m  etastasis.  Annexin  II  m  ay  be 
a  potential  target  for  the  developm  ent  of  effectiv  e  therapeutic  strategies  to  inhibit  angiogenesis 
and  breast  cancer. 

BODY 

We  have  successfully  com  pleted  task  1  of  this  idea  award  as  proposed.  Part  of  the  results  of 
taskl  has  been  reported  in  2008  and  2009  annual  report.  In  2009  our  lab  has  m  oved  from  the 
Drexel  University  to  the  VA  Medical  cen  ter,  Washington  DC.  This  m  ove  has  caused  disruption 
of  our  research  activities.  Howe  ver  despite  of  this  disruption,  we  were  able  to  complete  some 
experiments  as  we  outlined  in  our  task  2  of  the  SOW.  Detailed  staining  and  data  analysis  is  still 
going  on  which  will  be  reported  after  completion  of  the  grant  in  November,  2011.  One 
experiment  as  outlined  in  task  1  of  SOW  that  is  evaluation  of  therapeutic  efficacy  of  anti-ANX  II 
antibody  in  breast  cancer  m  etastasis  is  underway  and  will  be  com  pleted  in  January  2011.  The 
results  obtained  in  these  studies  has  been  published  in  Experimental  and  Molecular  Pathology  88 
(2010)  278-286  and  one  paper  was  presented  in  annual  m  eeting  of  American  Association  for 
Cancer  Research  Proc.  Am.  Assoc.  Can.  Res.  (2010)  15,  212{  Full  manuscript  is  being  submitted 
for  publication).  W  e  published  one  review  article  in  Current  Pharmaceutical  Design,  2009,  15, 
1949-1955  (see  attached  reprints).  The  results  are  summarized  below. 

KEY  ACHIEVEMENTS: 

Task2:  To  determine  whether  the  pattern  of  Annexin  II  expression  in  hr  east  cancer 
correlates  with  neoangiogensis  and  worsening  stage  of  hreast  cancer  and  predictive  of  poor 
outcome. 

One  experiment  planned  in  taskl d  entitled  eff ect  of  anti-annexin  II  antibody  on  mouse  model  of 
breast  cancer  metastasis  is  in  underway  and  likely  to  be  completed  in  January  2011.  Results  will 
be  reported  in  final  report 

To  investigate  the  role  of  annexin  II  in  hum  an  breast  cancer  p  regression  we  an  alyzed 
human  breast  tissue  samples  by  immunohistoche  mical  staining.  Immunohistochem  ical  studies 
revealed  expression  of  ANX  II  mainly  on  the  surface  of  in  vasive  cancerous  cells  (  Fig.  IB).  In 
contrast,  epithelial  ce  11s  in  normal  ducts  were  com  pletely  negative  (Fig.  IG).  Consistent  with 
annexin  II  expression,  immunostaining  of 
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Fig.  1.  Immunostaining  for  annexin  II,  tPAand  anti-CD  105  in  nornial  and  human  breast  cancer  tissues.  Annexin  II  is 
undetectable  in  normal  acinar  and  ductal  epithelial  cells  (G,  inset  arrows).  Anti-annexin  II  antibodies  show  a  very 
strong  reactivity  on  the  surface  of  ductal  epithelial  cells  (B,  inset),  tumor  stroma  (E)  and  vascular  endothelial  cells  (B, 
arrows)  in  invasive  breast  cancer.  Staining  in  ductal  epithelial  cells  was  found  mainly  on  the  cell  surface  with 
occasional  cytoplasmic  staining.  Anti-tPA antibodies  show  intense  staining  in  vascular  endothelial  eells(F  inset),  ductal 
epithelial  cells  (C,  inset)  and  in  tumor  stroma.  Anti-CD  105  antibodies  show  a  selective  strong  reactivity  with  newly 
formed  blood  vessels  (H)  but  not  in  existing  blood  vessels  of  normal  tissue  (J).  Panel  J  arrows  indicate  existing  blood 
vessels  in  normal  breast  tissue  are  not  stained  with  anti-CD105  antibody  suggesting  specificity  of  CD105  to  identify 
proliferating  endothelial  cells  (Magnification  20X).  Staining  intensity  of  annexin  11  was  analyzed  in  20  different  fields 
by  ImagePro  Software  Panel  K.CD  105  positive  endothelial  eells  were  eounted  and  plotted  by  GraphPad  Prizm 
software  Panel  L. 


thin  serial  sections  als  o  revealed  high  levels  of  tPA  in  tumor  strom  a  (  Fig.  1C  ).  Careful 
investigation  of  immunostained  se  ctions  revealed  collagen  ous  stroma  composed  of  fibroblasts, 
macrophages,  lym  phocytes  and  ECM  indicating  an  inflamm  atory  respons  e  and  annexin  II  in 
desmoplastic  stroma  (Fig.  IE)  suggesting  chronic  inflamm  ation  in  the  tumor  microenvironment 
and  may  be  indicative  of  neoangiogenic  activity.  Staining  pattern  of  CD  105  revealed  numerous 
sprouting  neovessels  in  tumor  as  well  in  desmoplastic  stroma  confirming  neoangiogenic  activity 
(Eig.  IH  and  I).  Quantitative  analysis  of  neoangioge  nic  activity  as  m  easured  by  micro  vascular 
density  (MVD)  appears  to  correlate  with  annexin  II  expression  patterns  (Eig.  IK  and  L). 

1 .  Annexin  II  expression  is  appeared  to  be  on  the  surface  of  aggressive  human  breast  cancer 
patients.  Very  low  or  no  expression  was  found  on  normal  ducts. 

2.  Annexin  II  expression  seem  s  to  correlate  w  ith  neoangiogenic  activity  in  hum  an  breast 
cancer  patients. 

REPORTABLE  OUTCOMES:  The  resu  Its  o  f  this  study  ha  ve  been  published  in  following 
J  ournals/ meetings . 

1.  Experimental  and  Molecular  Pathology  88  (2010)  278-286.  One  paper  was  presented  in 
annual  meeting  of  American  Association  for  Cancer  Research 
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2.  Proc.  Am.  Assoc.  Can.  Res.  (2010)  15,  313  (Full  m  anuscript  is  being  submitted  f  or 
publieation).  One  review  artiele  was  published  in 

3.  Current  Pharmaceutical  Design,  2009,  15,  1949-1955 

CONCLUSIONS: 

Our  Immunohistoeh  emieal  stain  ing  results  ind  ieates  seleetive  exp  ression  of  annexin  II  in 

invasive  breast  eaneer  speeimens.  Annexin  II  expression  appears  to  eorrelate  with  neoangiogenie 

aetivity  in  invasive  breast  eaneer  patients. 

REFERENCES: 

1 .  Stephens  RW,  Brunner  N,  Janieke  F,  Sehmitt  M.  The  urokinase  plasminogen  aetivator 
system  as  a  target  for  prognostie  studies  in  breast  eaneer.  Breast  Caneer  Res  Treat  1998; 
52:  99-111. 

2.  Janieke  F,  Sehmitt  M,  Ulm  K,  Gossner  W,  Graeff  H.  Urokinase-type  plasminogen 
aetivator  antigen  and  early  relapse  in  breast  eaneer.  Laneet  1989;  2:  1049. 

3.  Look  MP,  van  Putten  WL,  Duffy  MJ,  et  al.  Pooled  analysis  of  prognostie  impaet  of 
urokinase-type  plasminogen  aetivator  and  its  inhibitor  PAI-1  in  8377  breast  eaneer 
patients.  J  Natl  Caneer  Inst  2002;  94:  116-28. 

4.  Cesarman  GM,  Guevara  CA,  Hajjar  KA.  An  endothelial  eell  reeeptor  for 
plasminogen/tissue  plasminogen  aetivator  (t-PA).  II.  Annexin  Il-mediated  enhaneement 
of  t-PA-dependent  plasminogen  aetivation.  J  Biol  Chem  1994;  269:  21198-203. 

5.  Hajjar  KA,  Jaeovina  AT,  Chaeko  J.  An  endothelial  eell  reeeptor  for  plasminogen/tissue 
plasminogen  aetivator.  I.  Identity  with  annexin  II.  J  Biol  Chem  1994;  269:  21191-7. 

6.  Diaz  VM,  Hurtado  M,  Thomson  TM,  Reventos  J,  Paeiueei  R.  Speeihe  interaetion  of 
tissue-type  plasminogen  aetivator  (t-PA)  with  annexin  II  on  the  membrane  of  panereatie 
eaneer  eehs  aetivates  plasminogen  and  promotes  invasion  in  vitro.  Gut  2004;  53:  993- 
1000. 

7.  Brownstein  C,  Deora  AB,  Jaeovina  AT,  et  al.  Annexin  II  mediates  plasminogen- 
dependent  matrix  invasion  by  human  monoeytes:  enhaneed  expression  by  maerophages. 
Blood  2004;  103:  317-24. 

8.  Mignatti  P,  Rifkin  DB.  Biology  and  bioehemistry  of  proteinases  in  tumor  invasion. 
Physiol  Rev  1993;  73:  161-95. 

9.  Tarui  T,  Majumdar  M,  Miles  LA,  Ruf  W,  Takada  Y.  Plasmin-indueed  migration  of 
endothelial  eehs.  A  potential  target  for  the  anti-angiogenie  aetion  of  angiostatin.  J  Biol 
Chem  2002;  277:  33564-70. 

10.  Ling  Q,  Jaeovina  AT,  Deora  A,  et  al.  Annexin  II  regulates  fibrin  homeostasis  and 
neoangiogenesis  in  vivo.  J  Clin  Invest  2004;  1 13:  38-48. 

1 1 .  Sharma  M,  Koltowski  L,  Rothman  VL,  Tuszynski  GP,  and  RTO,  Sharma  MC. 
Angiogenesis  Assoeiated  Protein  Annexin  II  in  Breast  Caneer:  Seleetive  Expression  in 
Invasive  Breast  Caneer  and  Contribution  to  Tumor  Invasion  and  Progression.  Exp  Mol 
Pathol  2006;  81:  146-56. 

12.  Chuthapisith  S,  Bean  BE,  Cowley  G,  et  al.  Annexins  in  human  breast  eaneer:  Possible 
predietors  of  pathologieal  response  to  neoadjuvant  ehemotherapy.  Eur  J  Caneer  2009;  45: 
1274-81. 


8 


13.  Zimmermann  U,  Woenckhaus  C,  Pietschmann  S,  et  al.  Expression  of  annexin  II  in 
conventional  renal  cell  carcinoma  is  correlated  with  Fuhrman  grade  and  clinical  outcome. 
Virchows  Arch  2004;  445:  368-74. 

14.  Zhong  LP,  Wei  KJ,  Yang  X,  et  al.  Increased  expression  of  Annexin  A2  in  oral  squamous 
cell  carcinoma.  Arch  Oral  Biol  2009;  54:  17-25. 

15.  Pei  H,  Zhu  H,  Zeng  S,  et  al.  Proteome  analysis  and  tissue  microarray  for  profiling  protein 
markers  associated  with  lymph  node  metastasis  in  colorectal  cancer.  J  Proteome  Res 
2007;6:2495-501. 

16.  Guedj  N,  Zhan  Q,  Perigny  M,  et  al.  Comparative  protein  expression  profiles  of  hilar  and 
peripheral  hepatic  cholangiocarcinomas.  J  Hepatol  2009;  51:  93-101. 

17.  Ohno  Y,  Izumi  M,  Kawamura  T,  Nishimura  T,  Mukai  K,  Tachibana  M.  Annexin  II 
represents  metastatic  potential  in  clear-cell  renal  cell  carcinoma.  Br  J  Cancer  2009;  101: 
287-94. 

18.  Shiozawa  Y,  Havens  AM,  Jung  Y,  et  al.  Annexin  Il/annexin  II  receptor  axis  regulates 
adhesion,  migration,  homing,  and  growth  of  prostate  cancer.  J  Cell  Biochem  2008;  105: 
370-80. 

19.  Syed  SP,  Martin  AM,  Haupt  HM,  Arenas-Elliot  CP,  Brooks  JJ.  Angiostatin  receptor 
annexin  II  in  vascular  tumors  including  angiosarcoma.  Hum  Pathol  2007;  38:  508-13. 

20.  Wu  W,  Tang  X,  Hu  W,  Eotan  R,  Hong  WK,  Mao  E.  Identification  and  validation  of 
metastasis-associated  proteins  in  head  and  neck  cancer  cell  lines  by  two-dimensional 
electrophoresis  and  mass  spectrometry.  Clin  Exp  Metastasis  2002;  19:  319-26. 

2 1 .  Weidner  N,  Eolkman  J,  Pozza  F,  et  al.  Tumor  angiogenesis:  a  new  significant  and 
independent  prognostic  indicator  in  early-stage  breast  carcinoma.  J  Natl  Cancer  Inst 
1992;  84: 1875-87. 

22.  O'Reilly  MS,  Holmgren  E,  Chen  C,  Eolkman  J.  Angiostatin  induces  and  sustains 
dormancy  of  human  primary  tumors  in  mice.  Nat  Med  1996;  2:  689-92. 

23.  Peyruchaud  O,  Serre  CM,  NicAmhlaoibh  R,  Fournier  P,  Clezardin  P.  Angiostatin  inhibits 
bone  metastasis  formation  in  nude  mice  through  a  direct  anti-osteoclastic  activity.  J  Biol 
Chem  2003;278:45826-32. 

24.  Tuszynski  GP,  Sharma  M,  Rothman  VE,  Sharma  MC.  Angiostatin  binds  to  tyrosine 
kinase  substrate  annexin  II  through  the  lysine-binding  domain  in  endothelial  cells. 
Microvasc  Res  2002;  64:  448-62. 

25.  Gob  KY,  Poon  WS,  Chan  DT,  Ip  CP.  Tissue  plasminogen  activator  expression  in 
meningiomas  and  glioblastomas.  Clin  Neurol  Neurosurg  2005;  107:  296-300. 

26.  Stack  MS,  Gately  S,  Bafetti  EM,  Enghild  JJ,  Soff  GA.  Angiostatin  inhibits  endothelial 
and  melanoma  cellular  invasion  by  blocking  matrix-enhanced  plasminogen  activation. 
Biochem  J  1999;  340:  77-84. 

27.  Diaz  VM,  Planaguma  J,  Thomson  TM,  Reventos  J,  Paciucci  R.  Tissue  plasminogen 
activator  is  required  for  the  growth,  invasion,  and  angiogenesis  of  pancreatic  tumor  cells. 
Gastroenterology  2002;  122:  806-19. 

28.  Rella  C,  Coviello  M,  Quaranta  M,  Paradiso  A.  Tissue -type  plasminogen  activator  as 
marker  of  functional  steroid  receptors  in  human  breast  cancer.  Thromb  Res  1993;  69: 
209-20. 

29.  Grondahl-Hansen  J,  Bach  F,  Munkholm-Earsen  P.  Tissue-type  plasminogen  activator  in 
plasma  from  breast  cancer  patients  determined  by  enzyme-linked  immunosorbent  assay. 
Br  J  Cancer  1990;  61:  412-4. 


9 


30.  Chernicky  CL,  Yi  L,  Tan  H,  Ilan  J.  Tissue-type  plasminogen  aetivator  is  upregulated  in 
metastatie  breast  eaneer  eells  exposed  to  insulin-like  growth  faetor-I.  Clin  Breast  Caneer 
2005;  6;  340-8. 


Experimental  and  Molecular  Pathology  88  (2010)  278-286 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Experimental  and  Molecular  Pathology 

journal  homepage:  www.elsevier.com/locate/yexmp 


Breast  cancer  cell  surface  annexin  11  induces  cell  migration  and  neoangiogenesis  via 
tPA  dependent  plasmin  generation 

Meena  Sharma  Robert  T.  Ownbey  ^  Mahesh  C.  Sharma 

®  University  of  Pennsylvania,  Philadelphia,  PA  19102,  USA 
Department  of  Surgery,  Drexel  University  College  of  Medicine,  Philadelphia,  PA  19102,  USA 
Department  of  Pathology,  Drexel  University  College  of  Medicine,  Philadelphia,  PA  19102,  USA 
‘‘  Department  of  Biochemistry,  George  Washington  University,  Washington,  DC  20037,  USA 
'  Veterans  Affairs  Medical  Center,  Washington,  DC  20422,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  6  November  2009 
Available  online  15  January  2010 


Keywords: 
Plasmin 
Annexin  II 
Breast  cancer 
Neoangiogenesis 
tPA 


Annexin  II,  an  abundant  phospholipids  binding  cell  surface  protein,  binds  tPA  and  functions  as  a  regulator  of 
fibrinolysis.  Annexin  II  also  mediates  angiogenesis  and  enhances  tumor  growth  and  metastasis.  However,  the 
mechanism  supporting  this  role  is  not  known.  Using  human  breast  cancer  model  we  show  that  invasive 
human  breast  cancer  cells  (MDA-MB231)  synthesize  annexin  II  and  tissue  plasminogen  activator  (tPA).  In 
vitro  both  annexin  II  and  tPA  interacts  which  in  turn  convert  zymogen  plasminogen  to  reactive  enzyme 
plasmin.  Cell  surface  produced  plasmin  inhibited  the  migration  of  1\/IDA-MB231  cells.  Silencing  of  annexin  II 
gene  in  MDA-1\/IB231  cells  abolished  tPA  binding  therefore  inhibited  tPA  dependent  plasmin  generation. 
These  annexin  II  suppressed  MDA-MB231  cells  showed  reduced  motility.  Immunohistochemical  analysis  of 
prediagnosed  clinical  specimens  showed  abundant  secretion  of  tPA  and  expression  of  annexin  II  on  the 
surface  of  invasive  human  breast  cancer  cells  which  correlates  with  neovascularization  of  the  tumor.  Taken 
together,  these  data  indicate  that  annexin  II  may  regulate  localized  plasmin  generation  in  breast  cancer.  This 
may  be  an  early  event  switching  breast  cancer  from  the  prevascular  phase  to  the  vascular  phase  and  thus 
contributing  to  aggressive  cancer  with  the  possibility  of  metastasis.  The  data  provide  a  mechanism 
explaining  the  role  of  annexin  II  in  breast  cancer  progression  and  suggest  that  annexin  II  may  be  an  attractive 
target  for  therapeutic  strategies  aimed  to  inhibit  angiogenesis  and  breast  cancer. 

Published  by  Elsevier  Inc. 


Introduction 

Sprouting  of  new  blood  vessels  and  metastasis  are  two  processes 
that  are  centrai  to  the  progression  of  cancer.  As  such,  they  have 
become  important  targets  for  the  deveiopment  of  anti-cancer  agents. 
The  plasminogen/ plasmin  system,  a  serine  protease  pathway,  is 
known  to  trigger  sprouting  of  new  biood  vesseis  therefore  piays  a 
criticai  roie  in  breast  cancer  (Stephens  et  al.,  1998).  Anaiysis  of  the 
enzymes  of  the  piasminogen/ plasmin  system  cieariy  suggests  that 
high  urokinase-type  piasminogen  activator  (uPA)  in  human  breast 
tumors  predicts  poor  survivai  (Janicke  et  ai.,  1989;  Look  et  al.,  2002) 
and  is  significantiy  associated  with  a  high  rate  of  relapse  for  patients 
with  breast  cancer  (Janicke  et  al.,  1989),  Despite  the  established  roie 
of  the  piasminogen/piasmin  system  in  breast  cancer,  the  receptor(s) 
which  reguiates  conversion  of  zymogen  plasminogen  to  active 
enzyme  plasmin  in  breast  cancer  are  poorly  understood.  In  the 
physiological  system  two  different  mechanisms  of  piasmin  generation 
have  been  estabiished.  The  first  mechanism  is  invoived  in  binding  of 
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uPA  to  its  receptor  uPAR  while  the  second  mechanism  converts 
plasminogen  to  piasmin  by  binding  of  tissue  type  plasminogen 
activator  (tPA)  to  its  receptor  annexin  11.  This  annexin  II  dependent 
plasmin  exerts  fibrinoiytic  activity  that  maintains  continuous  biood 
flow  in  vessels  by  dissolving  intravascular  fibrin  clots. 

Annexin  II  is  reported  to  be  an  endothelial  cell  receptor  which 
provides  binding  sites  for  plasminogen  and  tPA  for  efficient  plasmin 
generation  (Cesarman  et  al.,  1994;  Hajjar  et  al.,  1994).  A  number  of 
reports  have  shown  that  cell  surface  annexin  II  regulates  plasmin 
generation  (Diaz  et  al.,  2004;  Hajjar  et  al.,  1994)  which  in  turn 
facilitates  extracellular  matrix  (ECM)  degradation,  cell  invasion 
(Brownstein  et  al.,  2004;  Diaz  et  al.,  2004;  Mignatti  and  Rifitin, 
1993),  and  migration  (Tarui  et  al.,  2002)  and  thus  plays  an  important 
role  in  neoangiogenesis  (Ling  et  al.,  2004).  There  are  speculations  that 
annexin  II  derived  neoangiogenesis  may  be  involved  in  metastasis, 
and  tumor  progression.  This  might  explain  why  we  and  other 
investigators  have  consistently  found  over  expression  of  annexin  II 
in  various  cancers  including  breast  cancer  (Chuthapisith  et  al.,  2009; 
GuedJ  et  al.,  2009;  Ohno  et  al.,  2009;  Pei  et  al.,  2007;  Sharma  et  al., 
2006a;  Shiozawa  et  al.,  2008;  Syed  et  al.,  2007;  Zhong  et  al.,  2009; 
Zimmermann  et  al.,  2004).  Overexpression  of  annexin  11  in  cancer 
seems  to  correlate  with  advanced  stage  with  poor  prognosis  and 
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metastasis  (Ohno  et  al.,  2009;  Sharma  et  al.,  2006a;  Shiozawa  et  al., 
2008;  Wuet  al.,  2002). 

Breast  cancer  growth  and  metastasis  requires  extensive  neoangio¬ 
genesis.  The  fact  is  that  neoangiogenesis  is  an  independent  and  highly 
significant  prognostic  indicator  for  overall  and  relapse-free  sui'vival  in 
patients  with  early-stage  breast  carcinoma  (Weidner  et  al.,  1992). 
Angiostatin,  a  potent  inhibitor  of  angiogenesis,  was  reported  to  inhibit 
human  breast  cancer  growth  and  metastasis  in  xenograft  model 
(O'Reilly  et  al.,  1996;  Peyruchaud  et  al„  2003)  suggesting  that  anti- 
angiogenic  therapy  could  be  a  potential  tberapeutic  approach  for 
breast  cancer.  Previously  we  have  reported  that  angiostatin  binds  to 
endothelial  cell  surface  annexin  11  (Tuszynski  et  al.,  2002).  These 
findings,  together  with  observations  that  angiostatin  inhibits  neoan¬ 
giogenesis  dependent  growth  of  breast  cancer  may  argue  that 
angiostatin  inhibits  neoangiogenesis  dependent  breast  cancer  growth 
and  metastasis  by  interfering  with  annexin  11/tPA  dependent  plasmin 
generation  in  tumor  microenvironment. 

tPA  is  secreted  by  endothelial  cells  (EC)  and  is  a  ligand  for  cell 
surface  annexin  11.  Emerging  reports  and  clinical  observations  link  tPA 
to  neoplastic  transformation  and  the  invasive  phenotype  of  highly 
aggressive  tumors  such  as  glioblastoma  (Goh  et  al.,  2005),  melanoma 
(Stack  et  al.,  1999)  pancreatic  cancer  (Diaz  et  al.,  2002)  and  breast 
cancer  (Grondahl-Hansen  et  al.,  1990;  Rella  et  al.,  1993).  The 
functional  role  of  tPA  and  its  receptor  annexin  11  in  breast  tumor 
biology  is  not  well-understood.  Recent  studies  have  provided 
evidence  that  showed  association  of  tPA  with  the  invasion  of  highly 
aggressive  IVIDA-MB-435s  breast  cancer  cells  (Cherniclcy  et  al.,  2005). 
Since  tPA  plays  a  major  role  in  plasmin  generation,  consistently 
plasmin  has  been  linked  to  invasive  and  metastatic  breast  cancer 
(Stephens  et  al.,  1998).  Indeed,  recent  studies  have  clearly  demon¬ 
strated  over  expression  of  annexin  II  in  many  cancer  types  and  may 
argue  that  annexin  II  functions  as  a  regulator  of  neoangiogenesis  in 
vivo.  However  the  precise  mechanism  by  which  annexin  II  is  involved 
in  cancer  progression  and  metastasis  is  still  unclear. 

In  this  report  we  investigated  if  tPA  interaction  on  breast  cell  surface 
annexin  II  is  a  molecular  switch  to  regulate  localized  plasmin  generation 
in  vitro  and  neoangiogenesis  in  vivo.  Taken  together,  this  research  may 
provide  a  clue  for  the  annexin  Il-dependent  mechanism  of  neoangio¬ 
genesis  and  its  dependent  breast  cancer  progression  and  metastasis. 
Annexin  II  may  be  a  potential  target  for  the  development  of  effective 
therapeutic  strategies  to  inhibit  angiogenesis  and  breast  cancer. 

Materials  and  methods 

Human  Lys-plasminogen,  plasmin  and  recombinant  tPA  was 
purchased  from  Calbiochem,  (La  Jolla,  CA).  Lysine-Sepharose  and  s- 
aminocaproic  acid  (e-ACA)  were  procured  from  Sigma  (St.  Louis,  MO). 
Chromatography  and  electrophoretic  reagents  were  procured  from 
BioRad,  (Richmond,  CA).  Anti-plasminogen  monoclonal  antibody  was 
purchased  from  Enzyme  Research  Inc.  (Chicago,  IL).  Anti-tPA  and 
Anti-CD105  monoclonal  antibodies  were  purchased  from  American 
Diagnostica  (Stamford,  CT)  and  Neomarkers  (Fremont,  CA)  respec¬ 
tively.  Antibodies  to  annexin  II  were  generated  in  our  lab  as  reported 
earlier  (Sharma  et  al.,  2006b),  Chromozyme  PL  was  purchased  from 
Roche  Molecular  Biochemicals  (IN).  Immunohistochemistiy  reagents 
were  procured  from  DAKO  Corporation  (CA).  All  other  chemicals  used 
in  this  study  were  of  analytical  grade. 

Cell  lines  maintenance 

Invasive  and  metastatic  human  breast  cancer  cell  line  MDA-MB231 
which  is  known  to  cause  tumors  in  athymic  mice  and  the  ER  positive 
noninvasive  breast  cancer  cell  line  MCF-7  were  obtained  from  ATCC 
( Roclcville,  MD ) .  These  cell  lines  were  maintained  in  RPMI 1 640  media 
containing  either  10%  fetal  calf  serum  (PCS)  or  serum  free  medium 
(0.1%  BSA  supplemented  with  i-glutamine  and  antibiotics)  (Sharma 


et  al.,  2006a),  Cell  cultures  were  maintained  in  plastic  flasks  and 
incubated  at  37  °C  in  a  humidified  chamber  containing  5%  CO2. 

Immunohistochemistiy 

Previously  diagnosed  paraffin-embedded  human  breast  cancer 
samples  were  obtained  from  the  tumor  bank  of  the  Department  of 
Pathology,  Drexel  University  College  of  Medicine.  Serial  4  pm  sections 
were  prepared  on  albumin-coated  slides.  Sections  were  deparaffi- 
nized  and  incubated  in  3%  H2O2  for  10  min  to  block  endogenous 
peroxidase  activity.  Nonspecific  protein  binding  was  blocked  with  3% 
bovine  serum  albumin  (BSA)/PBS  for  1  h.  Sections  were  incubated 
with  monoclonal  antibodies  overnight  at  room  temperature.  Staining 
was  visualized  using  a  DAKO  kit  with  diaminobenzidine  (DAB)  as  a 
chromogen  followed  by  nuclear  counterstaining  with  hematoxylin 
according  to  our  published  protocol  (Sharma  et  al.,  2006a).  For  each 
immunohistochemical  staining,  we  performed  additional  staining 
without  primary  antibody  in  parallel  and  considered  it  as  a  control. 
The  immunoreactive  pattern  was  carefully  recorded  with  the  help  of 
our  pathologist  and  photographed. 

Immunoprecipitation  and  Western  blot  analysis 

Cells  grown  in  12  well-plates,  rinsed  in  ice-cold  phosphate-buffered 
saline  (PBS),  pH  7.2,  and  lysed  in  67  mmol/LTris,  pH  6.8,  and  2%  sodium 
dodecyl  sulfate  on  ice  for  total  extracts  or  in  buffer  A  [50  mmol/LTris, 
150mmol/L  NaCl,  pH  7.4,  0.1%  Triton  X-100  plus  protease  and 
phosphatase  inhibitors  (200  mmol/L  Pefabloc,  1  mmol/L  aprotinin, 
20  mmol/L  leupeptin,  0.1  mmol/L  sodium  vanadate,  1  mmol/L  sodium 
fluoride,  and  10  mmol/L  sodium  pyrophosphate)]  for  immunoprecip¬ 
itation.  Protein  concentration  was  measured  using  Bradford  assay  (Bio- 
Rad  Laboratories,  Hercules,  CA).  Immunoprecipitation  were  performed 
using  0.4  to  1  mg  of  cellular  proteins  incubated  with  anti-annexin  11 
monoclonal  antibody  (0.5  pg/ml)  overnight  at  4  °C.  The  immune 
complex  was  precipitated  with  protein  A  Sepharose  beads.  The 
immunocatcher  system  was  used  to  purify  immunoglobulin  complex 
by  catching  the  resins  containing  immobilized  Protein  A.  Resins  were 
washed  three  times  and  directly  incubated  with  SDS  sample  dilution 
buffer  and  heated  at  90  °C  for  4  min.  Immune  complex  was  resolved 
on  12%  SDS-PAGE,  transferred  to  nitrocellulose  membrane,  incubated 
with  ant-tPA  antibodies  and  analyzed  by  Western  blot  analysis.  After 
incubation  with  the  appropriate  primary  antibody,  species-specific 
secondary  antibodies  conjugated  to  horseradish  peroxidase  were  used 
and  the  membrane  was  developed  by  ECL  as  we  have  reported 
previously  (Sharma  et  al.,  2006a,b;  Tuszynski  et  al.,  2002). 

fPA  binding  and  plasmin  generation 

Binding  of  tPA  with  breast  cancer  cell  (MDA-MB  231)  surface  was 
studied  by  analyzing  the  capacity  of  cell  bound  tPA  to  activate 
plasminogen  to  plasmin.  Human  breast  cancer  cells  were  cultured, 
detached  and  counted.  About  5000-7000  cells  were  incubated  with 
300  units  of  recombinant  human  tPA  ligand  for  30  min  on  ice  in  PBS  to 
allow  tPA  to  bind  cell  surface  annexin  II.  Cells  were  washed  three  times 
with  chilled  PBS  to  remove  unbound  tPA.  Breast  cancer  cells  with  bound 
tPA  were  incubated  with  plasminogen  and  specific  chromogenic 
substrate  chromozyme  PL  in  a  total  volume  of  100  pl  to  determine 
plasminogen  activation  activity.  tPA  dependent  plasmin  generation  was 
recorded  at  405  nm  for  40  min  in  96-well-plate  reader  according  to  our 
published  protocol  (Sharma  et  al.,  2006a,b).  Plasmin  generated  in  the 
reaction  mkture  hydrolyzes  the  chromozyme  PL  forming  a  yellow  color 
of  p-nitroaniline  that  absorbs  light  at  405  nm.  The  color  absorbance  was 
measured  by  an  automated  96-well  plate  reader  (Bio-TeK  Inc,,  VT).  The 
colorimetric  change  is  a  direct  measurement  of  plasmin  generation. 
Plasminogen  incubated  with  chromozyme  PL  was  considered  as 
negative  control  indicative  of  auto  degradation  of  plasminogen  to 
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plasmin  during  the  reaction  process.  In  a  parallel  experiment  an  equal 
amount  of  tPA  unbound  to  cells  were  used  as  control.  Absorbance  of 
control  was  subtracted  from  experimental  readings.  Data  were  analyzed 
by  non-linear  regression  algorithms  using  GraphPad  Prizm  software. 

Annexin  ll  gene  silencing 

Antisense  phosphorothionate  oligonucleotides  (ODNs)  and  sense 
ODNs  (control)  directed  to  5'-3'coding  sequence  of  the  human 
annexin  II  mRNA  were  designed  and  manufactured  by  Biognostic, 
Germany  (www.biognostik.com).  Three  potential  sites  were  identi¬ 
fied  in  annexin  II  gene  and  antisense  oligonucleotides  were 
synthesized  against  these  regions  (5'CAA  CAT  GTC  CAC  TTC  ACT  -  3' 
location:  923-940  bases  of  total  sequence)  (5'  -  CAT  111  CCA  GGT  CTC 
CTT  -  3'  location:  882-899  bases  of  total  sequence)  (5'  -  TCA  TCC  ACA 
CCT  TTG  GTC  -  3'  location:  277-294  bases  of  total  sequence).  The 
antisense  oligonucleotides  were  synthesized  as  18-mer  targeted 
annexin  II  gene  sequences.  The  corresponding  controls  sequence 
was  also  synthesized  as  18  mer  (5'GGATTT  ACC  TATTGCTGG  3')  (5' 
ACT  ACG  ACC  TAC  GTG  AC  3')  (5'GGA  TTf  ACC  TAT  TGC  TGG  3'). 
Control  antisenses  were  used  in  all  parallel  experiments.  Hereafter, 
the  antisense  and  sense  annexin  11  oligonucleotides  will  be  referred  to 
as  RNAi  ANX  II  and  Control  ANX  II  respectively.  MDA-MB231  cells 
were  grown  in  96-well  plates  in  triplicates  and  transfected  with  RNAi 
ANX  II  and  control  ANX  11  by  adding  into  the  culture  medium. 

Antisense  ODNs  are  actively  taken  up  by  cells,  partially  through 
fluid-phase  endocytosis  and  possibly  also  through  the  putative  receptor 


protein  p80  that  facilitates  the  cellular  uptake  of  negatively  charged 
molecules  like  ODNs  or  heparin.  Fluorescein  (FITC) -labeled  phosphor- 
othioate  ODNs  were  used  to  monitor  cellular  uptake  and  distribution 
(data  not  shown).  Labeled  antisense  ODNs  met  the  same  standards  of 
purity  and  stability  as  antisense  products.  Whereas  the  cellular  uptake  of 
antisense  ODNs  may  be  enhanced  through  various  cationic  lipids,  most 
of  the  cationic  lipids  are  cytotoxic,  and  the  treatment  must  be  limited  to 
6  to  8  h.  In  contrast,  the  half-life  of  antisense  ODNs  in  serum  containing 
culture  media  is  >48  h.  Therefore,  adding  the  antisense  ODNs  to  the 
culture  medium  for  the  full  duration  of  the  experiment  is  more  effective 
for  experiments  with  a  longer  time  frame.  Details  of  the  transfection 
process  are  provided  below. 

Transfection 

To  optimize  transfection  efficiencies  MDA-MB23L  cells  were 
incubated  with  3  different  concentrations  of  RNAi  ANX  11  and  control 
ANX  II  (0.5,  2.0  and  4.0  pmol/L)  for  12,  24,  48,  and  72  h  to  determine 
the  rate  of  transfection.  Our  optimizing  experiments  showed  that  the 
uptake  of  RNAi  ANX  II  was  maximal  with  0.5  pmol/L  and  after 
incubation  for  48  h.  At  this  time  point,  annexin  11  protein  was 
suppressed  >90%  (see  results).  Therefore  we  used  these  optimum 
conditions  to  suppress  annexin  II  gene  to  determine  tPA  bindings,  it’s 
dependent  plasminogen  activation  and  role  in  cell  migration. 

Scratch  wound  healing  assay  for  cell  migration 

Cell  migration  was  assayed  as  described  (Sharma  et  al.,  2004). 
Briefly,  about  8000  cells  were  seeded  and  grown  to  confluency  in  96  well 
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Fig.  1.  Expressions  and  interactions  of  annexin  II  and  tPA  in  human  breast  cancer  cells.  MDA-MB231cell  lysate  (20 1^)  was  separated  by  SDS-PAGE  and  protein  expression  was 
analyzed  by  immunoblot  analysis.  Fig.  2  displays  selective  expression  of  annexin  11  and  tPA  in  invasive  breast  cancer  cell  line  IV1DA-MB231  (Fig.  2A  and  B).  Cell  lysate  was 
immunoprecipitated  (IP)  with  anti-tPA  antibodies  and  the  immune  complex  was  electrophoresed  and  immunoblotted  with  anti-annexin  II  (Panel  2C,  Lane  1  positive  control,  lane  2 
IP  pellet,  lane  3  supernatant  and  lane  4  is  IgG  negative  control).  Panel  D:  cell  lysate  was  immunoprecipitated  (IP)  with  anti-annexin  11  antibodies  and  the  immune  complex  was 
electrophoresed  and  immunoblotted  with  anti-tPA  (Panel  C,  Lane  1  positive  control,  lane  2  IP  pellet,  lane  3  supernatant  and  lane  4  is  IgG  negative  control).  Co-immunoprecipitated 
pellet  in  lane  2  of  both  gels  suggest  interaction  of  tPA  and  annexin  11. 
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plates,  A  wound  was  created  in  monolayer  of  cells  by  scratching  with  a 
sterile  pipette  tip.  The  remaining  adherent  cells  were  washed  twice  with 
PBS.  Media  was  replaced  with  2%  serum-supplemented  medium.  Cell 
motility  was  measured  by  counting  the  number  of  cells  repopulated  in 
the  cleared  area.  Ten  different  fields  (20X)  were  viewed  to  count 
migrating  cells.  Data  were  plotted  using  GraphPad  Prizm  software, 

Boyden  chamber  migration  assay 

The  measurement  of  cell  migration  was  performed  as  described  by 
(Terranova  et  al.,  1986).  Chemotaxis  cell  migration  assay  was 
performed  using  a  96  well  plate  fitted  with  8  pm  pore  Boyden 
migration  chambers  (CHEMICON,  Inc.  cat  #  ECMSfO).  Briefly,  cells 
starved  in  serum  free  medium  were  harvested  and  plated  at  a  density 
of  2.5x10"*  cells  in  100  pi  without  chemo-attractant  in  a  Boyden 
chamber  (upper  well)  in  a  96  well  plate.  This  assay  is  based  on  the 
Boyden  chamber  principle.  The  bottom  well  was  filled  (100  pi)  with 
medium  containing  10%  fetal  bovine  serum  (FBS).  Test  reagents 
(plasminogen,  plasmin,  angiostatin,  e-aminocaproic  acid,  or  antibo¬ 
dies)  were  added  to  the  upper  chamber  and  incubated  for  24  h  at 
37  “C  in  a  humidified  chamber  (5%CO).  After  24  h,  the  plate  was 


flipped  to  remove  the  cells  and  medium.  Migrated  cells  adhered  on 
the  other  side  of  membrane  were  detached  using  detachment  buffer 
and  lysed  in  medium  containing  a  fluorescent  dye  according  to 
manufacturer  instructions.  The  plate  was  read  in  a  fluorescence  plate 
reader  (Bio-Tek,  lnc.,VT)  using  a  480/520  nm  filter  set.  Serum-free 
medium  alone  was  used  as  a  negative  control.  Purified  human  plasmin 
was  used  as  positive  control.  Separate  controls  were  used  against  each 
reagent  added.  For  example,  mouse  IgG  was  used  as  control  for  anti- 
annexin  11  antibody,  reduced  angiostatin  was  used  as  control  for 
angiostatin  and  buffer  in  which  s-aminocaproic  acid  was  dissolved 
was  used  as  a  control  for  s-aminocaproic  acid.  Statistical  analysis  and 
graphic  presentation  of  the  data  were  performed  with  GraphPad 
Prizm  software. 

Results 

Cell  surface  annexin  H  interacts  with  recombinant  human  tPA  in  human 
breast  cancer  MDA-MB231  cells 

Previous  clinical  studies  including  from  our  laboratory  have  shown 
over  expression  of  annexin  11  in  cancer  patients.  Over  expression  has 
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Fig.  2.  Interaction  of  tPA  with  cell  surface  annexin  II  accelerate  plasmin  generation  which  in  turn  facilitates  cell  migration.  MDA-MB231  cells  were  cultured  in  12  well-plates.  Cells 
were  detached,  washed  and  incubated  and  counted.  About  20,000  cells  were  incubated  with  recombinant  human  tPA  and  allowed  to  bind  on  the  cell  surface  annexin  II  for  30  min  on 
ice.  Cells  were  thoroughly  washed  to  remove  unbound  tPA.  tPA  bound  cells  were  incubated  with  plasminogen  and  chromozyme  PL  Kinetics  of  plasminogen  activation  were 
monitored  at  405  nm.  Linearity  of  plasminogen  conversion  to  plasmin  was  observed  in  about  20  min.  Non  invasive  human  breast  cancer  cells  MCF-7  lacking  annexin  II  failed  to  bind 
tPA  and  were  unable  to  convert  plasminogen  to  plasmin  (A).  tPA  dependent  plasmin  generation  induced  cell  migration.  This  enhanced  cell  migration  could  be  blocked  either  by 
direct  blocking  of  annexin  II  using  anti-annexin  II  monoclonal  antibodies  or  angiostatin  which  binds  to  cell  surface  annexin  II  and  blocks  plasminogen  binding.  Migration  was  also 
inhibited  by  blocking  of  lysine  residue  of  plasminogen  which  is  required  for  interaction  with  annexin  II  (B). 
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been  correlated  well  with  poor  clinical  outcome  with  advanced  stages 
of  cancers  (Brichory  et  al.,  2001 ;  Roseman  et  al.,  1994;  Sharma  et  al., 
2006a;  Sharma  and  Sharma,  2007;  Singh,  2007;  Syed  et  al.,  2007;  Wu 
et  al.,  2002;  Zimmermann  et  al.,  2004  ).  Because  tPA  is  a  ligand  for 
annexin  11  and  known  to  activate  cell  surface  bound  plasminogen  to 
plasmin,  we  first  tested  whether  annexin  11  and  tPA  proteins  are 
synthesized  by  human  breast  cancer  cells.  Immunoblot  analysis 
indicated  selective  expression  of  annexin  II  and  tPA  in  highly  invasive 
MDA-IVIB231  cells  but  not  in  non  invasive  MCF-7  cells  (Fig.  lA  and  B). 
Next  we  investigated  whether  tPA  synthesized  by  1VIDA-MB231  cells 
interacts  with  annexin  11.  To  determine  interaction,  we  immunopre- 
cipitated  an  I\/1DA-MB231  cell  lysate  with  anti-tPA  monoclonal 
antibody,  and  the  immune  complex  was  resolved  on  SDS-PAGE  and 
transferred  onto  nitrocellulose  membranes.  Bound  proteins  were 
identified  by  anti-annexin  11  monoclonal  antibody  by  immunoblot- 
ting.  Immunoblot  analysis  identified  tPA  bound  protein  as  annexin  11 
indicating  that  tPA  synthesized  by  l\/IDA-MB23f  cells  binds  to  annexin 
II  (Fig.  1C).  These  results  were  confirmed  by  a  converse  experiment 
where  lysate  was  immunoprecipitated  by  anti-annexin  11  monoclonal 
antibody  and  bound  protein  was  recognized  by  anti-tPA  antibody 
confirming  that  tPA  binds  to  annexin  II  (Fig.  ID). 

tPA  binding  to  cell  surface  annexin  ll  is  required  for  plasminogen 
activation  in  breast  cancer 

The  assembly  of  tPA  and  plasminogen  on  the  cell  surface  annexin  11 
facilitates  conversion  of  inactive  plasminogen  to  reactive  enzyme 
plasmin.  To  test  whether  interaction  of  tPA  and  annexin  II  in  MDA- 
MB231  cells  are  physiologically  active,  we  assayed  plasminogen 
activation  in  tPA  bound  live  cells.  MDA-MB231  cells  were  incubated 
with  recombinant  tPA  and  analyzed  for  cell  surface  binding.  Unbound 
tPA  was  removed  by  washing.  In  parallel  experiments  non-invasive 
MCF-T  cells  that  lack  annexin  II  expression  were  used  as  control. 
Specific  tPA  binding  was  determined  by  its  ability  to  convert 
plasminogen  to  plasmin.  Indeed,  tPA  bound  to  the  MDA-IVIB231  cell 
surface  and  was  able  to  activate  plasminogen  into  plasmin  in  a  time- 
dependent  manner.  As  expected,  l\/ICF-7  cells  lacking  annexin  II 
expression  therefore  tPA  were  unable  to  bind  and  consequently  failed 
to  activate  plasminogen  (Fig.  2A).  To  further  confirm  if  cell  surface 
interaction  of  annexin  11  and  tPA  is  critical  to  activate  plasminogen,  we 
silenced  annexin  II  gene  in  1\/1DA-IVIB231  cells  (Fig,  3A).These  annexin 
II  silenced  cells  were  analyzed  for  their  ability  to  bind  tPA  and  their 
capacity  to  activate  plasminogen.  Results  shown  in  Fig.  3C  indicate 
that  annexin  II  silenced  MDA-I\/IB231  cells  were  unable  to  bind  tPA. 
Therefore  activation  of  plasminogen  was  significantly  inhibited.  In 
contrast,  wild  type  cells  bound  with  recombinant  tPA  that  activated 
plasminogen  to  plasmin  efficiently  (Fig.  3C).  Collectively,  these  results 
strongly  suggest  that  IVIDA-I\/1B231  cell  surface  annexin  II  is  required 
for  tPA  binding  and  is  required  for  efficient  plasmin  generation. 

Annexin  II  mediated  plasmin  generation  is  crucial  for  cell  migration 

Cell  motility  is  critically  involved  in  metastasis,  neoangiogenesis 
and  tumor  invasion  (Stack  et  al.,  1999).  It  has  been  reported  that 
plasmin  is  a  strong  serine  protease  and  known  to  hydrolyze  ECM  and 
basement  membrane  (BM)  proteins  and  thereby  facilitates  cellular 
migration,  invasion  and  angiogenesis  (Bajou  et  al.,  2001;  Diaz  et  al., 
2002;  Pepper,  2001;  Tarui  et  al.,  2002).  Several  studies  were 
performed  to  determine  the  ability  of  annexin  II  to  influence  breast 
cancer  cell  migration.  First  we  used  a  Boyden  chamber  assay  model 
and  tested  if  annexin  11  dependent  plasmin  generation  is  required  for 
I\/1DA-I\/IB231  cell  migration.  The  results  of  this  experiment  revealed 
that  when  cells  were  incubated  with  plasminogen  they  activated 
plasminogen  to  plasmin  which  in  turn  degraded  ECM  proteins  and 
invaded  across  the  membrane  (Fig.  2B).  This  cell  migration  was 
significantly  blocked  by  anti-annexin  II  antibody  (Fig.  2B)  suggesting 
that  annexin  II  is  involved  in  plasmin  generation  and  its  dependent 


cell  migration.  Additional  experiments  were  performed  to  confirm 
that  annexin  Il-dependent  plasmin  generation  plays  a  critical  role 
in  breast  cancer  cell  migration.  Previously  we  have  shown  that 
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Fig.  3.  Annexin  11  gene  silencing  inhibits  tPA  dependent  plasmin  generation.  Three 
different  antisense  oligos  were  designed  and  synthesized  as  16-mer  dithionated 
oligonucleotide  to  silence  annexin  11  gene.  Immunoblot  analysis  suggests  that  two  out 
of  three  antisense  oligos  were  highly  potent  and  almost  completely  silenced  annexin  11 
expression  (A),  fi-actin  was  used  as  a  loading  control  to  confirm  equal  protein  loading. 
Quantitative  analysis  of  band  densities  showed  more  than  90%  inhibition  of  annexin  11 
expression  as  compared  to  (:^-actin  loading  control  (B).  Annexin  11-silenced  cells  failed 
to  bind  tPA  and  significantly  inhibited  plasminogen  activation  (C). 
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angiostatin  competes  with  plasminogen  binding  on  endothelial  cell 
surface  annexin  11  because  angiostatin  and  plasmimogen  share 
common  binding  sites  and  angiostatin  competes  for  plasminogen 
binding  (Tuszynsid  et  al.,  2002),  We  speculate  that  angiostatin  may 
inhibit  cancer  invasion  and  migration  (Stack  et  al.,  1999;  Tarui  et  al., 
2002)  by  inhibiting  plasmin  generation.  To  test  whether  angiostatin 
blocks  cell  migration,  we  incubated  angiostatin  with  the  MB231  cells 
prior  to  plasminogen  and  examined  whether  this  peptide  inhibits 
annexin  Il-mediated  breast  cancer  cell  migration.  As  shown  in  Fig.  2B 
angiostatin  indeed  inhibited  MDA-IVIB231  cell  migration  significantly 
suggesting  that  angiostatin  blocks  annexin  11-dependent  plasmin 
accumulation  which  in  turn  inhibits  cell  migration.  Since  lysine 
binding  domains  in  plasminogen  is  critical  for  binding  to  cell  surface 
receptors  and  activation  to  plasmin  (Felez  et  al.,  1996;  Tuszynsid  et  al., 
2002),  we  next  investigated  the  role  of  these  residues  in  breast  cancer 
cell  migration  using  a  lysine  analogue  e-aminocaproic  acid  (EACA). 
Interestingly  addition  of  EACA  inhibited  breast  cancer  cell  migration 
significantly.  These  results  support  the  conclusion  that  effective 
blocking  of  annexin  11  dependent  plasmin  generation  may  be  critical 
for  IVIDA-MB231  cell  migration.  In  a  second  approach  we  silenced 
annexin  II  gene  in  MDA-1VIB231  cells  (fig.  3A)  and  assayed  their 
abilities  to  activate  plasminogen  as  well  as  migratory  potential  in  a 
scratch  wound  healing  model  of  cell  migration.  Results  presented  in 
Fig.  3C  shows  that  silencing  of  annexin  II  expression  significantly 
inhibited  tPA  binding  and  its  dependent  plasminogen  activation. 
Annexin  II  silenced  cells  showed  significant  lower  migratory  activity 
as  compared  to  wild  type  cells  confirming  that  annexin  II  dependent 
plasmin  generation  is  indeed  required  for  MDA-MB231  cell  migration 
(Fig.  4A  and  B). 

Discussion 

Tumor  progression  and  metastasis  involves  degradation  of  ECM 
and  BM  proteins.  Once  this  anatomic  barrier  is  destroyed  tumor  cells 
start  invading  into  adjacent  host  tissue  and  normal  host  cells  start 
migrating  into  the  tumor.  Such  migratory,  invasive  and  tissue 
remodeling  events  are  regulated  by  different  proteolytic  enzymes 
(Pepper,  2001 ).  Among  the  proteases  that  play  an  active  role  in  these 
processes  is  the  serine  protease  plasmin.  Plasmin  is  an  end  enzymatic 
product  of  plasminogen/ plasmin  pathway.  Physiological  roles  of 
plasmin  were  believed  to  be  limited  to  fibrinolysis,  extracellular 
proteolysis,  migration  of  macrophages  to  a  site  of  injury,  tissue  repair/ 
remodeling,  invasion  and  angiogenesis  (Lijnen,  2001;  Pepper,  2001). 
Many  advanced  human  tumors  including  breast  cancer  overproduce 
plasmin  that  is  known  to  promote  neoangiogenesis,  cancer  invasion 
and  metastasis  (Paciucci  etal.,  1998;  Sharma  et  al.,  2006a).  Analysis  of 


the  enzymes  of  plasminogen/plasmin  system  suggests  that  high 
urokinase-type  plasminogen  activator  (Li  et  al.,  1998)  in  breast 
tumors  predicts  poor  survival  and  is  associated  with  a  high  rate  of 
relapse  for  patients  with  breast  cancer  (janicke  et  al.,  2001;  Janicke 
et  al.,  1989;  Look  et  al.,  2002).  These  clinical  obsei'vations  suggest  that 
the  components  of  plasminogen/plasmin  system  can  contribute  to 
tumorigenesis  in  a  variety  of  tissue  types  (Ossowski  and  Aguirre- 
Ghiso,  2000)  including  breast  cancer.  Consistent  with  this  notion, 
inhibition  of  uPA  activity  seems  to  inhibit  breast  cancer  in  a  mouse 
model  (Rabbani  and  Gladu,  2002).  Existing  literature  clearly  indicates 
that  under  pathological  conditions  uncontrolled  production  of 
plasmin  in  the  tumor  microenvironment  can  accelerate  the  localized 
degradation  of  ECM  and  BM.  Destruction  of  this  anatomical  structure 
may  lead  to  release  of  matrix  bound  latent  growth  factors  such  as 
bFGF  and  VEGF  which  are  known  angiogenic  mitogens  (George  et  al., 
2001;  McColl  et  al.,  2003).  Earlier  studies  showed  that  proteolytic 
activity  of  plasmin  is  required  to  activate  these  growth  factors  which 
reprogram  migrating  endothelial  cells  for  proliferation  to  establish 
new  blood  vessels  (McColl  et  al.,  2003). 

Considering  this  fact  our  in  vitro  data  may  be  of  immense 
importance  which  shows  that  annexin  II  on  the  surface  of  breast 
cancer  cells  could  be  a  molecular  switch  that  specifically  binds  with 
tPA  and  thus  regulates  plasmin  generation  (Figs.  1  and  2A).  Since 
noninvasive  breast  cancer  cells  MCF-7  that  lacks  annexin  II  expression 
failed  to  activate  plasminogen  may  suggest  specificity  of  invasive 
MDA-MB231  cells  in  plasmin  generation  (Figs.  1  and  2A).  Because  our 
data  show  interaction  of  tPA  with  annexin  II  in  MDA-MB231  cells 
(Fig.  1.)  that  is  capable  to  produce  plasmin  (Fig.  2A),  we  sought  to 
determine  if  plasmin  is  involved  in  breast  cancer  cell  migration. 
The  data  presented  in  Fig.  2B  show  that  the  cell  migration  was 
indeed  plasmin  dependent  because  e-aminocaproic  acid,  Lys  ana¬ 
logue,  which  is  known  to  disrupt  kringle-lysine  interaction  between 
plasminogen  and  their  receptors,  inhibits  plasmin  generation  and 
migration  in  Boyden  chamber  model  (Felez  et  al.,  1996;  Tuszynski 
et  al.,  2002). 

Previously  we  have  shown  that  angiostatin  competes  for  plasmin¬ 
ogen  binding  on  EC  surface  annexin  II  and  blocks  plasmin  generation 
(Sharma  et  al.,  2006b;  Tuszynski  et  al.,  2002).  Moreover  angiostatin 
was  reported  to  inhibit  neoangiogenesis  dependent  breast  cancer 
growth  and  metastasis  (Griscelli  et  al.,  1998;  O'Reilly  et  al.,  1996; 
Peyruchaud  et  al.,  2003)  in  mouse  model.  Our  data  demonstrates  that 
blocking  of  annexin  11  either  by  angiostatin  or  monoclonal  antibody  to 
annexin  II  effectively  blocks  MDA-MB231  cell  migration  indicating 
specificity  of  annexin  11  in  cell  migration  (Fig.  2B).  Based  on  our 
experimental  evidence  it  can  be  argued  that  angiostatin  mediated 
inhibition  of  cell  migration  may  be  due  its  ability  to  inhibit  plasmin 


B 


Fig.  4.  Annexin  II  gene  suppressed  IVIDA-MB231  cells  reduces  cell  motility.  Annexin  11  gene  silenced  cells  were  grown  in  96-well-plates.  Cells  were  denuded  by  scraping  and 
incubated  for  24  h.  After  24  h  cells  migrated  across  the  wounded  edge  were  counted  and  results  are  expressed  as  the  mean  ±  SD  of  three  experiments. 
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Fig.  5.  Immunostaining  for  annexin  II,  tPAand  anti-CD  105  in  normal  and  human  breast  cancer  tissues.  Annexin  II  is  undetectable  in  normal  acinar  and  ductal  epithelial  cells  (G.  inset 
arrows).  Anti-annexin  11  antibodies  show  a  very  strong  reactivity  on  the  surface  of  ductal  epithelial  cells  (B,  inset),  tumor  stroma  (E)  and  vascular  endothelial  cells  (B,  arrows)  in 
invasive  breast  cancer.  Staining  in  ductal  epithelial  cells  was  found  mainly  on  the  cell  surface  with  occasional  cytoplasmic  staining.  Anti-tPA  antibodies  show  intense  staining  in 
vascular  endothelial  cells(F  inset),  ductal  epithelial  cells  (C,  inset)  and  in  tumor  stroma.  Anti-CD105  antibodies  show  a  selective  strong  reactivity  with  newly  formed  blood  vessels 
(H)  but  not  in  existing  blood  vessels  of  normal  tissue  (J).  Panel]  arrows  indicate  existing  blood  vessels  in  normal  breast  tissue  are  not  stained  with  anti-CD105  antibody  suggesting 
specificity  of  CD105  to  identify  proliferating  endothelial  cells  (Magnification  20X).  Staining  intensity  of  annexin  II  was  analyzed  in  20  different  fields  by  ImagePro  Software  Panel  K. 
CD  105  positive  endothelial  cells  were  counted  and  plotted  by  GraphPad  Prizm  software  Panel  L 
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generation  by  blocking  plasminogen/tPA  binding  on  cell  surface 
annexin  11  (Brownsteln  et  al.,  2004;  Stack  et  al.,  1999;  Tuszynski  et  al., 
2002).  Silencing  of  annexin  11  gene  In  MDA-MB231  cells  Inhibits  their 
ability  to  bind  tPA  and  plasminogen  activation  (Fig.  3).  Furthermore 
these  cells  were  less  migratory  as  compared  to  wild  type  In  a  scratch 
wound  healing  model  of  migration  assay  (Fig.  4).  Based  on  our  data  it 
is  not  surprising  that  Shiozawa  et  al.  have  found  involvement  of 
annexin  11  in  adhesion,  migration  and  homing  of  prostate  cancer  cells 
(Shiozawa  et  al.,  2008).  Together,  these  in  vitro  and  in  vivo 
experimental  evidence  links  a  potential  role  of  annexin  11  In  breast 
cancer. 

It  is  possible  that  plasmin  mediated  destruction  of  the  anatomic 
barrier  of  ECM  and  BM  could  support  EC  /cancer  cell  migration  (Tarui 
et  al.,  2002)  that  may  be  the  key  for  new  blood  vessel  formation  to 
support  tumor  expansion  and  metastasis  (Ling  et  al.,  2004;  McColl  et  al., 
2003;  Semov  et  al.,  2005).  Our  observations  are  further  supported  by  the 
facts  that  tumors  failed  to  grow  on  plasminogen  (PLG-/-)  gene  knockout 
mice  and  unable  to  metastasize  because  in  absence  of  plasmin  tumor’s 
ability  to  from  new  blood  vessels  was  significantly  inhibited  (Bajou  et  al., 
2001 ;  Perldes  et  al.,  2006).  Consistently  a  number  of  prior  articles  have 
described  that  direct  inhibition  of  plasmin  suppresses  experimental 
metastasis,  neoangiogenesis  and  tumor  progression  in  Lewis  Lung 
Carcinoma  (LLC)  model  (Bugge  et  al.,  1997;  Tanaka  et  al.,  1982). 

Taken  together,  our  data  provides  strong  evidence  that  annexin  11- 
dependent  plasmin  generation  is  required  for  breast  cancer  cell 
migration.  It  seems  that  annexin  11  is  a  regulatory  switch  for  continuous 
plasmin  generation  in  the  tumor  microenvironment  and  might  explain 
the  presence  of  annexin  11  on  the  cell  surface  of  many  different  types  of 
human  cancers. 

These  data  raised  the  possibility  that  annexin  11  dependent  plasmin 
generation  may  be  an  endogenous  regulator  of  neoanglogenesls  (Ling 
et  al.,  2004).  To  Investigate  this  we  analyzed  human  breast  tissue 
samples  by  Immunohistocbemical  staining.  Immunohistochemical 
studies  revealed  expression  of  ANX 11  mainly  on  tbe  surface  of  Invasive 
cancerous  cells  (Eig.  5B).  In  contrast,  epltbelial  cells  In  normal  ducts 
were  completely  negative  (Eig.  5G).  Consistent  with  annexin  11 
expression,  immunostaining  of  thin  serial  sections  also  revealed  high 
levels  of  tPA  in  tumor  stroma  (Eig.  5C).  In  agreement  with  our  findings 
earlier  clinical  studies  have  also  noticed  elevated  levels  of  tPA  in  the 
plasma  of  human  breast  cancer  (Grondahl-lTansen  et  al.,  1990;  Rella 
et  al.,  1993),  glioblastoma  and  pancreatic  cancers  (Aguilar  et  al.,  2004; 
Gob  et  al.,  2005).  Careful  investigation  of  immunostained  sections 
revealed  collagenous  stroma  composed  of  fibroblasts,  macrophages, 
lymphocytes  and  ECM  Indicating  an  inflammatory  response  and 
annexin  11  In  desmoplastic  stroma  (Eig.  5E)  suggesting  chronic 
inflammation  in  the  tumor  microenvironment  and  may  be  indicative 
of  neoangiogenic  activity.  Next,  we  investigated  neoangiogenic  activity 
in  the  serial  sections  of  same  tissue  using  anti-CD105,  selective  marker 
for  sprouting  neovessels  (Gerber  et  al.,  2006;  Kumar  et  al.,  1999). 
Staining  pattern  of  CD105  revealed  numerous  sprouting  neovessels  In 
tumor  as  well  in  desmoplastic  stroma  confirming  neoangiogenic  activity 
(Fig.  5F1  and  1).  Quantitative  analysis  of  neoangiogenic  activity  as 
measured  by  micro  vascular  density  (MVD)  appears  to  correlate  with 
annexin  11  expression  patterns  (Fig.  51<  and  L). 

Based  on  our  in  vitro  and  in  vivo  data,  it  is  quite  likely  that  over- 
expression  of  annexin  11  in  human  breast  cancer  regulates  local 
plasmin  generation  which  In  turn  degrades  ECM  and  BM.  Hydrolysis 
of  matrix  components  by  plasmin  may  release  and  activate  matrix 
bound  inactive  angiogenic  cytokine  VEGE  and  may  induce  neoangio¬ 
genic  activity  (McColl  et  al.,  2003).  This  could  be  an  early  event  in  the 
tumor  microenvironment  switching  breast  cancer  from  prevascular 
phase  to  the  vascular  phase  (Ling  et  al.,  2004)  which  Is  characterized 
by  aggressive  phase  with  the  possibility  of  metastasis.  Consistent  wltb 
our  obsei'vations  neoangiogenic  activity  reported  to  be  a  significant 
prognostic  indicator  in  early  stage  of  breast  cancer  (Weldner  et  al., 
1992). 


Collectively,  tbe  data  reported  hear  and  previously  published 
reports  strongly  support  the  concept  that  annexin  11  on  tumor/EC  may 
be  an  angiogenic  switch.  This  may  be  a  potential  reason  why  annexin 
11  is  being  repeatedly  Identified  as  widely  overexpressed  protein  in 
number  of  cancers  and  strongly  associated  with  prognostic  signifi¬ 
cance  in  metastasis  (Brichory  et  al.,  2001;  Chuthapislth  et  al.,  2009; 
Guedj  et  al.,  2009;  Pel  et  al.,  2007;  Roseman  et  al.,  1994;  Sharma  et  al., 
2006a;  Sharma  and  Sharma,  2007;  Shiozawa  et  al.,  2008;  Singh,  2007; 
Syed  et  al.,  2007;  Wu  et  al.,  2002;  Zhong  et  al.,  2009;  Zlmmermann 
et  al.,  2004).  Whether  annexin  11  could  be  a  valuable  target  in  inhib¬ 
iting  neoangiogenic  activity  and  breast  cancer  in  vivo  is  in  interesting 
but  unanswered  question  that  is  currently  under  investigation  in  our 
laboratory. 
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Abstract:  Since  V irchow  first  proposed  in  1863  that  tumors  could  originate  from  sites  of  chronic  inflammation,  it  has 
been  well  established  that  chronic  inflammation  both  contributes  to  cancer  progression  and  predisposes  tissue  to  various 
types  of  cancer.  Experimental,  clinical,  and  epidemiological  studies  have  all  demonstrated  the  strong  association  between 
chronic  inflammation  and  cancer,  and  many  studies  have  correlated  the  prolonged  presence  of  the  inflammatory  milieu 
with  an  increased  risk  for  developing  cancer.  Proinflammatory  cytokines,  chemokines  and  adhesion  molecules,  which 
regulate  the  sequential  recruitment  of  leukocytes,  are  frequently  observed  in  tumor  microenvironment.  These  early  des¬ 
moplastic  changes  could  stimulate  fibroblasts  and  endothelial  cell  division  and  produce  components  for  tissue  remodeling 
and  neovascularization,  ultimately  promoting  neoplastic  processes.  In  this  review  article  we  overview  the  current  under¬ 
standing  of  the  role  of  chronic  inflammation  in  neoangiogenesis,  tumor  initiation,  promotion,  and  progression. 

Key  Words:  Inflammation,  microenvironment,  neoangiogenesis,  cancer. 


INTRODUCTION 

Neoplasia  (“new  growth”)  is  the  uncontrolled  prolifera¬ 
tion  of  transformed  cells.  The  term  tumor,  which  was  origi¬ 
nally  used  to  describe  the  swelling  caused  by  inflammation, 
is  now  used  interchangeably  with  neoplasm.  Transformation 
is  the  multi-step  process  in  which  normal  cells  acquire  ma¬ 
lignant  ch  aracteristics.  Each  s  tep  in  th  e  n  eoplastic  p  rocess 
reflects  a  genetic  alteration  that  confers  a  growth  advantage 
over  normal  cells.  There  are  a  number  of  essential  alterations 
in  cell  physiology  that  collectively  enable  malignant  growth: 
self-sufficiency  in  growt  h  s  ignals,  evasion  of  progra  mmed 
cell  de  ath  (a  poptosis),  a  voidance  of  im  mune  de  tection  a nd 
destruction,  1  imitless  r  eplicative  pot  ential,  s  ustained  a  ngio- 
genesis,  and  tissue  invasion  and  metastasis.  These  character¬ 
istics  are  shared  by  most,  if  not  all,  human  tumors.  Despite 
tremendous  progre  ss  in  de  tection  a  s  we  11  a  s  t  reatment  o  f 
cancer,  r  ising  can  cer  d  eaths  r  equires  a  r  eevaluation  o  f  o  ur 
basic  understanding  about  the  etiology  of  cancer  and  how  to 
control  it. 

For  the  past  four  de  cades  investigators  have  been  trying 
to  halt  tumor  growth  by  directly  attacking  cancer  cells.  This 
approach  has  provided  limited  clinical  success  coupled  with 
a  hi  gh  d  egree  of  t  oxicity.  C  ontinuous  failure  h  as  indicated 
that  it  is  time  to  change  our  s  trategies  and  look  beyond  the 
cancer  c  ells.  S  tudies  that  ha  ve  done  s  uch,  t  hrough  t  he  i  m- 
plementation  of  tissue,  gene  and  protein  microanalysis,  have 
shown  significant  a  Iteration  in  the  tumor  microenvironment 
known  a  s  t  umor  s  troma.  T  hese  ne  w  investigations  a  rgue 
against  our  ol  d  understanding  that  carcinogenesis  occurs  in 
individual  cells,  and  support  a  new  idea  that  carcinogenesis 
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occurs  in  tissue.  The  heterogeneous  nature  of  the  tumor  is  a 
result  of  c  ontinuous  crosstalk  be  tween  di  fferent  cell  t  ypes 
within  tumor  and  its  surrounding  stroma. 

Inflammation  is  the  body’s  re  sponse  t  o  tissue  i  nsult. 
When  ti  ssue  is  da  maged,  either  by  phys  ical  trauma  or  b  y 
pathogen,  a  complex  cascade  of  events  is  triggered.  Numer¬ 
ous  inflammatory  ce  11s  and  complexes  co  llaborate  to  attack 
the  invading  pathogen,  clear  debris,  reconstitute  the  extracel¬ 
lular  matrix  (ECM)  and  assist  in  the  proliferation  and  trans¬ 
fer  o  f  healthy  ce  11s  to  the  target  s ite.  The  inflammatory  re¬ 
sponse  is  often  initiated  by  mast  cells.  When  damaged,  mast 
cells  release  histamine,  an  amino  acid  that  increases  the  per¬ 
meability  of  a  djacent  capillaries.  Increased  blood  flow  and 
vessel  p  ermeability  enable  the  r  ecruitment  o  f  inflammatory 
cells,  i  ncluding  interleukins,  ne  utrophils,  c  ytokines  a  nd 
monocytes  to  the  damaged  tissue. 

Ideally,  inflammation  is  a  self-limiting  process,  subsiding 
once  t  he  wounde  d  tissue  ha  s  h  ealed.  If  inflammation  doe  s 
not  subside  within  the  normal  course,  the  very  mechanisms 
that  the  body  us  es  to  heal  can  promote  unintended  results, 
including  neoplastic  processes,  such  as  cancer. 

This  heterogeneous  nature  of  tumor  stroma  is  very  simi¬ 
lar  to  granulation  tissue  formed  during  wound  healing.  Inter¬ 
estingly,  Hal  Dvorak  in  1986  propos  ed  that  tumor  build  up 
their  s  troma  by  t  riggering  hos  t  wound-he  aling  re  sponse, 
which  ultimately  leads  to  fibrin  deposition  at  the  tumor  site. 
This  fibrin  provides  temporary  ECM  that  forms  a  provision 
scaffold  f  or  can  cer  c  ells,  in  flammatory  cel  Is  and  n  ewly 
formed  blood  vasculature.  Thus  he  proposed  the  tumor  to  be 
“wounds  that  do  not  heal”  [1]. 

Indeed,  t  his  r  elationship  be  tween  chronic  inflammation 
and  c  ancer  ha  s  be  en  we  11  e  stablished  bot  h  in  vitro  a  nd  in 
vivo.  F  or  ex  ample,  s  kin  in  flammation  i  s  as  sociated  w  ith 
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melanoma,  bl  adder  i  nflammation  wi  th  bl  adder  c  arcinoma, 
chronic  pancreatitis  with  pancreatic  carcinoma,  chronic  viral 
hepatitis  with  liver  cancer,  chronic  HP  V  infection  with  cer¬ 
vical  c  ancer,  in  flammatory  b  owel  d  isease  w  ith  co  lorectal 
carcinoma,  s  moking  (whic  h  i  nflames  the  lungs)  wit  h  1  ung 
cancer,  and  he  patitis  C  vi  ral  infection  wit  h  he  patocellular 
carcinoma  [2] .  Components  of  i  nflammation  ha  ve  be  en  re  - 
ported  to  frequently  be  overexpressed  and  active  within  the 
tumor  en  vironment.  Th  e  can  cer-associated  inflammation 
milieu  is  defined  by  the  expression  of:  leukocyte  infiltration, 
cytokines  such  as  tumor  necrosis  factor  a  (TNF-a)  and  vari¬ 
ous  i  nterleukins,  c  hemokines  s  uch  a  s  cyclooxygenase-2 
(COX-2),  m  onocytes  de  rivatives  c  ailed  tumor-associated 
macrophages  (T  AM),  m  atrix  m  etalloproteinases  (  MMP), 
reactive  oxygen  and  nitrogen  species  (ROS  and  RNS),  and 
an  act ivated n uclear  factor  kB  (NF-kB)  [  3].  These  compo¬ 
nents  of  cancer-associated  inflammation  work  in  a  concerted 
effort  to  promote  tumorigenesis  in  four  major  ways:  by  pro¬ 
motion  of  a  ngiogenesis,  by  fa  cilitation  of  c  ancer  c  ell  a  nd 
tumor  proliferation,  by  suppression  of  anti-tumor  immunity, 
and  by  inhibition  of  apoptotic  events. 

In  this  article,  we  review  the  current  literature  supporting 
the  relationship  between  chronic  inflammation  and  cancer,  as 
well  as  the  current  body  of  re  search  that  explains  the  possi¬ 
ble  mechanisms  that  define  this  relationship. 

TUMOR  ASSOCIATED  MACROPHAGES  (TAMs) 

Derived  from  monocytic  pr  ecursors  c  irculating  in  t  he 
blood  [4],  tumor  associated  macrophages  (T  AM)  area  sig¬ 
nificant  component  of  inflammatory  infiltrates  in  the  tumor 
microenvironment  [2].  In  rare  cases  of  breast  cancer,  TAM 
were  found  to  represent  more  than  50%  of  tumor  mass  [5]. 
TAM  concentration  within  the  tumor  environment  appears  to 
play  a  significant  role  in  patient  prognosis:  a  significant  dif¬ 
ference  ex  ists  b  etween  th  e  s  urvival  r  ates  o  f  p  atients  w  ith 
tumors  de  fined  as  h  aving  low  TAM  de  nsity  c  ompared  to 
patients  wit  h  t  umors  de  fined  ash  aving  hi  gh  T  AM  d  ensity 
[6].  It  wa  s  pre  viously  be  lieved  t  hat  op  timally  s  timulated 
TAM  were  capable  of  killing  in  vitro  tumor  cells.  This  the¬ 
ory  ha  s  be  en  re  placed  wi  th  a  ge  neral  a  cceptance  t  hat  T  AM 
mostly,  although  not  always,  serve  pro-tumoral  functions  [4]. 
For  example,  when  activated  by  interleukin  12  (IL-12)  TAM 
regulates  T -cell  dependent  eradication  of  t  umors  [7].  How¬ 
ever,  it  is  more  common  for  TAM  to  undertake  the  following 
pro-tumoral  roles:  assuaging  tumor  survival  in  hypoxic  con¬ 
ditions  due  t  o  angiogenesis,  s  uppression  of  a  nti-tumor  im¬ 
munity,  and  aiding  in  neoplastic  cell  proliferation  [8]. 

Development  of  a  hi  gh  de  nsity  ve  ssel  ne  twork  whi  ch 
connects  the  tumor  to  host  circulation,  termed  the  ‘angiogeic 
switch’  is  crucial  for  the  tumor’s  progression  to  malignancy 
[9].  P  eri-tumoral  a  ccumulation  of  m  acrophages  ha  s  be  en 
associated  with  b  lood  vessel  density  in  tumors  [10].  Addi¬ 
tionally,  it  has  been  demonstrated  in  mice  that  macrophages 
infiltrated  the  tumor  s  ite  duri  ng  t  he  nonm  alignant  adenoma 
stage  [10],  the  stage  associated  w ith  th e  an giogenic  switch. 
Together,  t  hese  fi  ndings  i  ndicate  t  hat  m  acrophages  ha  ve  a 
more  s  ignificant  role  on  tumor  progre  ssion  t  o  malignancy 
rather  than  tumor  growth.  One  suggested  mechanism  behind 
TAM  i  nfiltration  a  nd  t  he  s  ubsequent  triggering  of  a  ngio¬ 
genesis  s  tates  that  tumors  induce  hypoxi  c  s  tress,  wh  ich  in 


turn  recruits  TAM  [7].  Once  arriving  at  the  site  of  hypoxia, 
TAM  be  come  a  ngiogenically  a  ctive;  produc  ing  m  ultiple 
proangiogenic  growth  factors  and  proteinases  such  as  vascu¬ 
lar  endothelial  growth  factor  (VEGF),  matrix  m etalloprote- 
inase-9  (MMP-9)  and  uPA  [9]. 

TAM  ha  ve  b  een  s  hown  to  s  uppress  immune  re  sponse 
through  both  poor  antigen-presenting  activity  [11]  as  well  as 
inhibition  T-cell  proliferation.  TAM  inhibits  T-cell  prolifera¬ 
tion  through  the  release  of  prostaglandins,  IL-10  and  TGF-P 
[11].  Prostaglandins  have  been  established  to  suppress  T-cell 
proliferation  in  various  malignant  disorders  including  Hodg¬ 
kin’s  di  sease  [12].  T  -cells  that  a  re  re  cruited  t  o  t  he  s  ite  o  f 
tissue  injury  a  Iso  h  ave  d  iminished  anti-tumoral  capabilities 
as  the  result  of  T  AM,  as  TAM  have  been  shown  to  release 
chemokines  that  recruit  T-cells  that  lack  any  cytotoxic  func¬ 
tion.  As  the  cellular  source  of  the  chemokine  CCL18,  TAM 
was  found  to  have  significantly  higher  concentrations  in  the 
ascitic  fluids  from  p  atients  w  ith  ovarian  c  arcinoma  v  ersus 
nonovarian  carcinoma  patients  [13]. 

The  p  roliferative  ef  fects  o  f  TA  M  w  ere  d  emonstrated  in 
vivo  in  mice  with  mammary  cancer.  The  macrophage  colony 
stimulating  factor  (CSF-1)  has  been  observed  within  human 
breast  carcinomas,  and  correlated  with  poor  pa  tient  progno¬ 
sis  [14].  Using  a  mouse  model,  tumor  progression  was  com¬ 
pared  between  mice  containing  an  inactivating  mutation  in 
the  CSF-1  gene  and  wild-type  mice.  Expression  of  CSF-1  in 
the  wil  d-type  m  ice  a  ccelerated  t  umor  progre  ssion  a  nd  i  n- 
creased  pu  Imonary  metastasis  [7].  Ba  sed  upon  t  hese  fi  nd¬ 
ings,  CSF-1  is  implicated  as  promoting  metastatic  potential 
by  re gulating  T  AM  infiltration  at  the  tumor  s  ite.  T  AM  h  as 
also  been  shown  to  promote  neoplastic  proliferation  by  pro  - 
ducing  and  secreting  neoplastic  factors  including  IL-1,  IL-10 
and  p  latelet-derived  g  rowth  f  actor  in  to  th  e  tu  mor  s  troma 

[15] .  Finally,  TAM  also  produce  MMP,  which  degrade  all 
structural  components  oft  he  e  xtracellular  m  atrix  (E  CM) 

[16] ,  allowing  for  easier  tumor  infiltration  and  cell  prolifera¬ 
tion. 

MATRIX  METALLOPROTEINASES  (MMPs) 

Expression  and  activation  of  MMP,  a  proteolytic  enzyme, 
is  increased  in  almost  all  human  cancers  compared  to  non¬ 
cancer  ti  ssue  [17].  Furthermore,  expression  of  MT  1-MMP 
and  MM  P2  a  re  a  ssociated  wit  h  poor  prognos  is  i  n  pa  tients 
with  va  rious  c  arcinomas  [18].  In  a  nimal  s  tudies,  up- 
regulation  of  MM  P  expression  increases  the  aggressiveness 
of  benign  cancer  cells,  while  down-regulation  has  the  oppo¬ 
site  effect.  MMP  appear  to  play  a  paradoxical  role  in  cancer 
progression  whi  le  a  cting  i  n  bot  h  pro  a  nd  a  nti  angiogenic 
roles.  As  a  tumor  promoter,  MMP  aids  in  neoplastic  cell  pro¬ 
liferation  and  immunosuppression. 

MMP-1,  MMP-2,  MMP-9  and  MT-MMPs  are  all  known 
to  promote  angiogenesis  through  various  mechanisms  [19]. 
These  m  echanisms  i  nclude  c  ontrol  of  endothelial  cell  t  ube 
morphogneis  in  three  di  mension  E  CM  a  ssay,  re  gulation  o  f 
vessel  stabilization  by  c  ontrolling  pericyte  recruitment  [19], 
and  mediating  fibrinolytic  and  collagenolytic  activity  [20]. 
Recent  studies  provide  evidence  that  the  pro-angiogenic  ef¬ 
fect  of  MT -MMP  is  mediated  by  an  up-regulation  of  VEGF. 
VEGF  expression,  in  turn,  has  been  reported  to  be  controlled 
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by  MMP-9.  MMP-9  controls  VEGF  bioavailability  by  cleav¬ 
ing  it  f  rom  the  E  CM  [  21].  O  nee  r  eleased  from  th  e  ECM, 
MMP-1,  MMP-3,  MMP-7  andMMP-13  selectively  degrade 
connective  tissue  growt  h  fa  ctor  bound  t  o  VE  GF,  t  hereby 
increasing  the  reactive  angiogenic  activity  of  VEGF  [21]. 

Conversely,  MMP-7,  MM  P-12,  MM  P-13  and  MMP-20 
are  believed  to  be  negative  regulators  of  tumor  angiogenesis 
as  a  result  of  their  capacity  to  generate  angiogenic  inhibitors. 
These  angiogenic  inhibitors  are  produced  through  the  cleav¬ 
age  of  plasminogen  type  IV  or  type  XVIII  collagens  [22]. 

Similar  t  o  T  AM,  MMP  ha  ve  a  dverse  e  ffects  on  T  -cell 
efficacy  as  an  anti-tumor  agent.  Interleukin-2  receptor  a  (IL- 
2Ra)  has  a  direct  role  in  the  production  of  functional  T-cells. 
It  h  as  b  een  d  emonstrated  in  cervical  c  ancer,  w  here  t  issues 
over  express  MMP-9,  that  MMP-9  mediates  cleavage  of  IL- 
2Ra  and  reduces  the  functionality  of  c ancer-encountered  T - 
cells,  ul  timately  de  creasing  the  func  tion  of  t  umor-reactive 
cytotoxic  lymphocytes  [23].  This  finding  was  supported  b  y 
the  restoration  of  T  -cell  proliferation  when  MMP  inhibitors 
blocked  MMP  induced  IL-2Ra  cleavage. 

MMP  also  affects  cell  invasion.  E-cadherin  is  a  cell-cell 
adhesion  molecule  responsible  for  epithelial  cell  aggregation 
along  w  ith  the  a  bility  to  s  uppress  tumor  i  nvasion.  Dis  tur- 
bance  of  E  -cadherin  resulting  in  a  loss  of  c  ell-cell  adhesion 
during  tumor  progression  is  positively  correlated  with  tumor 
invasiveness  [24].  An  in  vitro  study  conducted  with  a  human 
breast  cell  lin  e  demonstrated  th  at  th  e  M  MP  matrilysin  and 
stromelysin  1  bot  h  cleave  E-cadherin  at  the  cell  surface.  It 
was  concluded  that  this  direct  cleavage  is  capable  of  inhibit¬ 
ing  epithelial  cell  aggregation,  as  well  as  facilitating  invasion 
of  epithelial  cells  in  a  paracrine  manner  [25].  MMP  also  act 
as  a  broa  d  s  pectrum  prot  ease,  i  ndiscriminately  de  grading 
ECM  and  thus  priming  tissue  for  pathogen  invasiveness  [25]. 

MMP’s  role  as  a  tumor  promoter  has  been  demonstrated 
both  in  humans  and  in  mice.  In  vivo,  mice  lacking  MMP-9 
displayed  reduced  proliferation  at  all  neoplastic  stages  and  a 
decreased  incidence  of  i  nvasive  tumors  [20].  MMP-9  from 
bone  m  arrow-derived  inflammatory  cells  ha  s  a  Iso  be  en 
proven  to  contribute  to  the  HP  VI 6  squamous  carcinogenesis 
pathway  [20]. 

TUMOR  NECROSIS  FACTOR  A  (TNF-a) 

Once  t  he  i  nflammatory  re  sponse  h  as  be  en  i  nitiated,  tu¬ 
mors  actively  recruit  inflammation-associated  infiltrate  cells, 
which  upon  arrival  produce  their  own  set  of  proteins:  cytoki¬ 
nes  and  chemokines  [26].  One  of  the  most  prominent  cytoki¬ 
nes  in  the  inflammatory  infiltrate  is  TNF-a,  a  pro  inflamma¬ 
tory  cytokine  that  regulates  growth  development,  differentia¬ 
tion,  wound  he  aling  and  immune  re  sponse.  TNF-a  plays  a 
dual  rol  e  in  t  umor  progre  ssion,  s  witching  be  tween  pro  a  nd 
anti-tumoral  roles  in  a  dose  dependent  manner.  At  high  con¬ 
centrations,  T  NF -a  de  stroys  t  umor  va  sculature  a  nd  i  nduces 
tumor  necrosis.  When  chronically  produced  in  relatively  low 
concentrations,  as  it  frequently  is  in  chronic  inflammation, 
TNF-a  acts  as  a  tumor  promoter  [26] 

TN  F-a  has  been  shown  to  play  an  especially  important 
role  i  n  e  arly  s  tage  t  umor  prom  otion  bot  h  in  vitro  and  in 
mouse  models.  TNF-a  deficient  mice  developed  5-10%  the 


number  of  t  umors  de  veloped  by  wi  Id-type  m  ice  duri  ng  t  he 
initiation  a  nd  prom  otion  pha  se  of  tumor  progre  ssion  [27] . 
After  t  he  i  nitiation  a  nd  prom  otion  pha  se,  T  NF-a  de  ficient 
mice  de  veloped  25%  t  he  num  ber  of  t  umors  a  s  wi  Id-type 
mice,  indicating  that  TNF-a  is  integral  in  the  initiation  of  the 
tumor  as  opposed  to  tumor  growth  [27]. 

TN  F-a  a  Iso  a  ffects  tumor  s  troma  t  hrough  t  he  i  nduction 
of  c  hemokines  and  MM  P,  a  nd  by  s  timulating  fi  broblast 
growth  a  nd  func  tion;  a  11  be  ing  a  ngiogenic  fa  ctors.  T  NF-a 
also  expresses  receptors  for  a  ngiogenic  cytokines.  Working 
in  concert  with  IF-1,  TNF-a  produces  the  angiogenic  factor 
VEGF,  while  simultaneously  destroying  ECM.  ECM  is  also 
degraded  when  TNF-a  is  chronically  expressed  as  a  result  of 
TNF-a  stimulated  production  of  u-P  A.  Activated  u-P  A  in¬ 
duces  p  roteolytic  cleavage  o  f  ECM,  causing  th  e  r  elease  o  f 
additional  pro  angiogenic  factors. 

As  mentioned  herein,  high  concentrations  of  TNF-a  can 
induce  tumor  necrosis.  To  combat  this,  tumors  are  capable  of 
producing  s  oluble  TNF-a  r  eceptors.  P  reduced  by  T  AM, 
these  receptors  function  as  a  defense  mechanism,  protecting 
the  tumor  from  the  tumoricidal  and  immunoactivating  effects 
of  TNF-a. 

TN  F-a  also  induces  production  of  DNA  da  maging  reac¬ 
tive  oxygen  species,  while  simultaneously  inhibiting  the  abil¬ 
ity  of  repair  enzymes  to  repair  damaged  DNA.  Further  dam¬ 
age  occurs  to  DNA  when  TNF-a  is  initially  recruited  to  the 
damaged  tissue  site.  TNF-a  recruitment  increases  uptake  of 
oxygen  at  the  damaged  tissue  site,  which  leads  to  the  release 
of  f  ree  r  adicals  that  interfere  w  ith  h  ealthy  epithelial  an  d 
stromal  cells.  U  Itimately,  th  e  p  rocesses  th  at  r  esult  from  an 
environment  c haracterized  by  pe  rsistently  low  TNF-a  con¬ 
centration  lead  to  carcinogenesis  by  dis  rupting  targets  and 
pathways  that  the  body  requires  to  maintain  homeostasis. 

INTERLEUKIN  FAMILY 

Another  pro-i  nflammatory  c  ytokine  t  hat  c  ontributes  t  o 
cancer  is  interleukin  6  (IF  -6).  Along  with  IF -4  and  IF -10, 
IL-6  is  highly  expressed  in  hormone  refractory  prostate  can¬ 
cer.  Additionally,  pros  tatic  carcinoma  us  ually  m  etastasizes 
IL-6  ri  ch  t  issues  s  ites,  s  uch  a  s  t  he  liver,  1  ymph  node  sand 
bone  [28].  Hodgki  n  1  ymphoma  s  hows  hi  gh  1  evels  of  IF  6, 
evidence  of  which  is  associated  with  poor  patient  outcome.  It 
has  be  en  hypot  hesized  that  a  he  ritable  a  bnormality  i  n  IF  6 
regulation  may  be  a  predisposition  for  young  adult  Hodgkin 
lymphoma  [29].  In  vitro,  IL-6  has  been  shown  to  stimulate 
colony  formation  of  Is  reco  2,  a  cell  line  derived  from  liver 
metastasis,  indicating  that  IL-6  may  be  a  stimulator  of  metas¬ 
tatic  colon  carcinoma  c  ell  grow  th  [30].  Inhi  bition  of  IF  -6 
production  and  subsequent  IL-6  signal  transduction  as  a  re¬ 
sult  o  f  T  GF-P  production  in  tumor  infiltrating  lymphocytes 
suppresses  tumor  growth  in  the  colon  [31].  It  wa  s  demon¬ 
strated  that  IL-6  signal  transduction  was  regulated  by  soluble 
IL-6R,  and  therefore,  tumor  growth  is  controlled  by  IF  -6- 
trans-signaling  via  the  soluble  form  of  IF  -6Ra.  IL-6Rais 
one  of  the  two  subunits  that  constitute  the  IL-6  heterodimer. 
The  other  subunit,  glycoprotein  130  (gpl30),  triggers  phos¬ 
phorylation  of  S  TAT  3  prote  in,  whic  h  ha  s  a  we  11  doc  u- 
mented  role  in  malignant  cell  proliferation  and  survival  rates 
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IL-6  i  s  a  Iso  indirectly  induced  by  I  L-la  a  nd  I  L-ip, 
which  a  re  s  ecreted  by  m  acrophages  a  longside  T  NF-a,  a  nd 
help  directly  initiate  inflammation.  IL-la  and  IL-ip  are  also 
responsible  for  inducing  other  pro-inflammatory  factors  such 
as  i  nducible  nit  ric  oxi  de  s  ynthase  (i  NOS)  and  c  yclooxy- 
genase  type  2  (  COX-2).  S  imilar  t  o  T  NF-a,  IL  -1  c  an  both 
assist  and  inhibit  tumor  progre  ssion  ba  sed  on  concentration 
within  th  e  tumor  en  vironment.  W  hen  ex  pressed  in  s  mall 
quantities,  IL  - 1  produc  es  a  ta  med  i  nflammatory  re  sponse 
that  can  be  s  uppressed  by  norm  al  a  nti-tumor  i  mmunity. 
However,  as  a  result  of  its  paracrine  effects  on  stromal  cells 
in  the  tumor’s  microenvironment,  large  amounts  of  IL-1  can 
induce  major  metastasis  that  is  not  susceptible  to  anti-tumor 
immunity  [32].  Inde  ed,  h  igh  IL  -  ip  co  ncentration  is  co  rre- 
lated  with  other  accepted  parameters  of  aggressive  tumors  in 
advanced  breast  carcinomas  [33]. 

CYCLOOXYGENASE  2  (COX  2) 

As  m  entioned  a  bove,  COX-2  is  i  nduced  by  pro-i  nfla¬ 
mmatory  c  ytokines.  It  h  as  be  en  de  monstrated  to  prom  ote 
tumor  progression,  and  is  up-regulated  in  cancers  of  the  pan¬ 
creas,  [34]  prostate,  [35]  colon,  [36]  breast,  [37]  lung,  [38]  as 
well  a  s  in  m  ultiple  s  quamous  c  ell  c  arcinoma  of  t  he  he  ad, 
[39]  neck,  [39]  and  esophagus  [40].  COX-2  aids  tumor  pro¬ 
gression  by  induction  of  angiogenesis,  fa  cilitation  of  c  ell 
proliferation,  and  prevention  of  apoptosis 

Two  cytokines  which  induce  COX-2  expression  are  the 
pro-angiogenic  fa  ctors  T  NF-a  a  nd  IL  -1  p.  Us  ing  a  m  ouse 
cornea  m  odel,  it  wa  s  de  monstrated  t  hat  C  OX-2  e  xpression 
regulates  IL -ip  in  duced  angiogenesis,  as  the  co  meas  of 
COX-2  null  mice  induced  less  angiogenesis  than  the  corneas 
of  wild-type  [41].  The  mechanism  behind  this  can  be  attrib¬ 
uted  to  the  biological  function  of  C  OX-2.  COX-2  is  one  of 
two  isoforms  of  c  yclooxygenase,  an  enzyme  that  catalyzes 
prostaglandin  from  arachidonic  acid  (AA).  It  is  this  COX-2 
production  of  pros  taglandins,  s  pecifically  E  2  (P  GE2)  a  nd 
thromboxane  A2  (T  XA2)  t  hat  contributes  t  o  prom  otion  of 
angiogenesis  [42].  Metabolism  of  AA  in  order  to  form  pros¬ 
taglandins  has  been  shown  to  be  significantly  higher  in  ma¬ 
lignant  pros  tatic  ti  ssue  ve  rsus  be  nign  ti  ssue  [43].  In  t  he 
above  m  ouse  e  xperiment,  PGE2  r  eceptor  (  EP2  and  EP  4) 
agonists  and  a  TXA2  receptor  agonist  induced  angiogenesis 
both  in  vitro  and  also  in  mouse  cornea.  IL-lB-induced  angi¬ 
ogenesis  is  inhibited  by  a  P  GE2  re  ceptor,  EP4,  antagonist 
and  a  T  XA2  a  ntagonist.  T  ogether  t  hese  fi  ndings  im  plicate 
COX-2  activated  prostanoids  as  inflammatory  angiogenesis 
regulators  [42].  It  is  believed  that  both  nonspecific  and  spe¬ 
cific  COX-2  inhibitors  also  provide  an  effective  tool  for  re  - 
duction  of  a  ngiogenic  processes  by  i  nactivating  MAPK  and 
by  blocking  COX-2  production  of  VEGF  [44]. 

During  c hronic  inflammation,  excessive  COX-2  produc¬ 
tion  of  pros  taglandins  E  2,  P  GE2  and  P  GI2  not  on  ly  e  ffects 
angiogenesis,  but  also  enhances  cell  proliferation  and  inva¬ 
siveness  in  both  tumor  and  normal  cells.  When  treated  with 
COX-2  i  nhibitors,  hum  an  c  olonic  a  denocarcinoma  c  ell  1  ine 
(HCA-7)  growth  was  reduced  in  co  lorectal  carcinoma.  It  is 
interesting  t  o  note  that  COX-2  inhibition  m  ore  e  ffectively 
reduced  the  cancer  growth  when  combined  with  HER-2/«eM 
inhibitors  [45].  COX  has  also  been  shown  to  disturb  the  bal¬ 


ance  between  MMPs  and  tissue  inhibitors  of  metalloprotein- 
ases  (T  IMP)  [46] .  A  di  sruption  of  t  his  ba  lance  c  an  1  ead  to 
over  e  xpression  of  MMP,  wh  ich  as  d  iscussed  e  arlier  h  as 
multiple  pro-t  umoral  role  s.  COX  role  on  c  ell  invasiveness 
was  also  clearly  demonstrated  in  prostate  cancer  progression. 
The  hypot  hesis  t  hat  COX  metabolites  including  AA  a  nd 
PGE2  affect  prostate  cancer  progression  by  increasing  inva¬ 
sion  of  basement-membrane  (BM)  was  supported  by  the  sub¬ 
sequent  i  nhibition  of  P  GE2.  Inhi  bition  of  this  i  so  form  re  - 
duced  in  vitro  invasiveness  by  85%,  an  effect  attributed  to 
PGE2  mediation  of  BM  degradation  [46]. 

It  was  also  revealed  that  COX-2  specific  as  well  as  non¬ 
specific  nons  teroidal  a  nti-inflammatory  drugs  (NS  AIDS) 
caused  apoptosis  in  a  variety  of  c  ancer  cells.  A  s  tudy  using 
colon  cancer  cell  lines  showed  that  NSAID  induced  apopto¬ 
sis  wa  s  m  ore  s  evere  in  c  olon  c  ancers  e  xpressing  C  OX-2 
[47].  Likewise,  rat  intestinal  epithelial  cells  (RIE)  expressed 
elevated  C  OX-2  prot  ein  1  evels  a  nd  de  monstrated  i  ncreased 
resistance  to  in  duced  ap  optosis.  Ef  fects  w  ere  r  eversed  b  y 
administering  sulindac  sulfide,  a  COX  inhibitor  [18].  These 
findings  demonstrate  the  significance  of  the  COX-2  pathway 
in  apoptosis  regulation  in  many  cell  types,  and  the  potential 
of  NSAIDS  to  reverse  the  effects  of  t his  p athway  [44].  The 
preventative  role  of  C  OX-2  in  apoptosis  is  attributed  to  two 
possible  mechanisms:  apoptosis  could  be  mediated  by  ge  n- 
eration  of  pros  taglandin  produc  ts  or  by  t  he  re  moval  of  t  he 
substrate  AA  [44].  By  inhibiting  COX-2,  AA  metabolism  is 
mitigated  in  order  to  stimulate  the  production  of  ceramide,  a 
mediator  of  apoptosis  [3]. 

INDUCIBLE  NITRIC  OXIDE  SYNTHASE  (iNOS)  AND 
REACTIVE  OXYGEN  SPECIES  (ROS) 

COX-2,  a  stimulator  of  proangiogenic  factors  and  vascu¬ 
lar  p  ermeability,  is  activated  by  nitric  oxide  (NO).  NO  is  a 
major  c  omponent  produc  ed  by  i  NOS,  a  nd  is  i  nduced  by  a 
combination  of  c  ytokines  including  TNF-a  and  IL-ip  [48] . 
Increased  expression  of  iNOS  has  been  observed  in  multiple 
inflammatory  c  onditions  a  ssociated  wit  h  c  ancer,  s  uch  a  s 
Crohn’s  di  sease,  H-P  ylori  ga  stritis,  u  Icerative  c  olitis  a  nd 
viral  hepatits  [49].  NOS  activity  correlates  with  lymph  node 
metastases,  i  ndicating  t  hat  i  ncreased  m  etastatic  be  havior  is 
associated  with  high  NOS  activity  [50].  iNOS  production  of 
NO  has  been  documented  to  directly  damage  DNA  by  c  aus- 
ing  DNA  lesions  [51].  NO  becomes  more  reactive  with  DNA 
when  exposed  to  reactive  oxygen  species  (ROS),  transform¬ 
ing  in  to  a  r  eactive  n  itrogen  s  pecies  ( RNS).  RNS  c  an  a  Iso 
inactivate  enzymes  th  at  ar  e  cr  itical  to  D  NA  r  epair.  I  n  h  igh 
concentrations,  as  i  s  o  ften  the  c  ase  w  ith  ch  ronic  inflamma¬ 
tion,  RNS  inhibits  p53  function,  a  prot  ein  that  induces  cell 
death  i  n  d  amaged  DN  A  [49].  The  combination  of  these 
events  creates  an  accumulation  of  damaged  DNA,  enhancing 
the  invasiveness  of  cancer. 

NO  a  re  also  c  entrally  i  nvolved  in  angiogenesis.  1 1  ha  s 
been  de  monstrated  t  hat  t  umor  produc  ed  VE  GF  re  quires  a 
NO  pathway  within  the  endothelial  compartment  to  promote 
neo vascular  growt  h  [49,  51].  S  pecifically,  NO  a  ctivates 
COX-2,  which  as  discussed  can  stimulate  the  production  of 
proangigoenic  f  actors  a  nd  pros  taglandins  r  esulting  in  i  n- 
creased  vascular  permeability  [52].  Additionally,  NO  medi- 
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ates  an  giogenesis  induced  b  y  p  latelet  activating  f  actor 
(PAF),  a  s  w  ell  as  angiogenesis  i  nduced  by  TNF,  a  fa  ctor 
mediated  by  production  of  PAF  [53].  Inhibitors  of  NO  syn¬ 
thase  have  also  been  shown  to  suppress  angiogenesis  [54], 

NUCLEAR  FACTOR  kB  (NF-kB) 

Chronic  inflammation  is  associated  with  persistent  acti¬ 
vation  of  ge  ne-transcription  factor  NF  -kB,  whic  h  ha  s  be  en 
implicated  in  cancer  progre ssion  [55].  Specifically,  NF  -kB 
activation  ha  s  be  en  a  ssociated  w  ith  s  everal  aspects  of  t  u- 
morigenesis  including  prom  oting  c  ancer  c  ell  proli  feration, 
preventing  apoptosis,  inducing  R NS,  and  i ncreasing  tumor 
angiogenic  and  metastatic  potential  [44].  NF-kB  is  believed 
to  promote  cancer  duri ng  t  he  tumor’s  promotion  pha  se  as 
opposed  to  the  tumor  initiation  [56].  During  the  tumor  initia¬ 
tion  phase,  degrees  of  proliferation,  hyerploidy  and  dysplasia 
were  found  t  o  be  c  omparable  i  n  m  ice  w  ith  a  ctive  NF  -kB 
when  compared  to  mice  with  inactivated  NF-kB.  As  the  mice 
matured,  a  discemable  difference  was  noticed  between  mice 
with  active  NF-kB  versus  inactive  NF-kB.  Thus,  inactivation 
of  NF  -kB  ac  tivity  in  the  h  epatocytes  led  to  a  d  ramatic  d  e- 
crease  in  tumor  promotion  [56]. 

During  t  umor  prom  otion,  a  colitis-associated  c  ancer 
model  d  isplayed  i  ncreased  epithelial  cells  a  fter  de  letion  o  f 
IkB  in  in  testinal  ep  ithelial  ce  11s.  I  kB  k  inase  is  th  e  p  athway 
responsible  for  cytokine  activation  of  NF  -kB.  While  inflam¬ 
mation  remained  constant,  there  was  a  dramatic  decrease  in 
tumor  incidence  [57].  Further  supporting  the  argument  that 
NF-kB  a  ctivation  is  integral  form  alignant  conversion,  as 
opposed  to  early  stages  or  initiation,  is  the  link  that  NF -kB 
assists  in  the  survival  of  hepatocytes  and  their  progression  to 
malignancy  [55].  Selective  deletion  of  NF-kB  in  hepatocytes 
induced  programmed  cell  death  of  he  patocytes  that  had  un¬ 
dergone  malignant  transformation,  and  reduced  the  incidence 
of  liver  tumors  [55]. 

The  RelA  (p65)  subunit  of  NF  -kB  is  required  for  induc¬ 
tion  of  T  NF-a  d  ependent  genes  [58].  Treatment  of  RelA- 
deficient  m  ouse  fi  broblasts  a  nd  m  acrophages  wit  h  T  NF-a 
resulted  in  s ignificant  re duction  in  viability,  whereas  RelA 
positive  cells  were  unaffected.  Cytotoxicity  to  both  cell  types 
was  mediated  by  TNFRl.  Reintroduction  of  RelA  into  the 
RelA  null  fibroblasts  resulted  in  enhanced  survival,  demon¬ 
strating  that  the  presence  of  RelA  is  required  for  protection 
from  TNF-a  [58]. 

NF-  kB’s  effect  on  a  ngiogenesis  ha  s  be  en  di  splayed  in 
human  ovarian  can  cer  ce  11s,  w  here  NF-kB  bl  ocking  h  as 
shown  t  o  s  uppress  angiogenesis  i  n  hum  an  ova  rian  c  ancer. 
NF-kB  signaling  blockade  also  inhibited  both  in  vitro  and  in 
vivo  expression  of  VE  GF  and  IL-8,  two  angiogenic  factors 
[59]. 

CONCLUSIONS 

The  ev  idence  r  eviewed  in  th  is  ar  tide  d  emonstrates  that 
chronic  inflammation  re  suits  in  t  he  produc  tion  of  m  ultiple 
factors  that  can  either  stimulate  or  inhibit  tumor  growth  and 
progression  by  m  odulating  tumor  microenvironment.  F  or 
this  re  ason,  a  n  effective  t  herapeutic  s  trategy  m  ay  i  nvolve 
normalizing  the  function  of  t  umor  stroma  including  macro¬ 
phages,  granulocytes,  1  ymphocytes,  e  ndothelial  c  ells  and 


their  associated  pericytes,  as  well  as  fibroblasts  in  the  micro¬ 
environment.  Most  proi nflammatory  cytokines  produced  by 
either  h  ost  i  mmune  c  ells  o  r  tumor  c  ells  themselves,  h  ave 
been  demonstrated  to  promote  tumor  development.  By  con¬ 
trast,  proapoptotic  (TRAIL)  and  anti-inflammatory  cytokines 
(IL-10,  TGF-P)  interfere  with  tumor  development  itself  This 
illuminates  the  complicated  and  paradoxical  role  of  inflam¬ 
mation  in  tumor  development.  Each  major  player  in  the  in¬ 
flammatory  process  has  the  ability  to  both  promote  malig¬ 
nant  t  umor  progre  ssion,  as  we  11  as  aid  in  the  body’s  fight 
against  cancer.  As  d  escribed  above,  duri  ng  c  hronic  inflam¬ 
mation  m  any  p  athways  are  either  activated  o  r  d  eactivated, 
leading  tom  odulation  of  t  umor  microenvironment  m  ilieu. 
Because  s  ignaling  p  athways  in  th  is  m  ilieu  ar  e  either  r  egu- 
lated  by  hos  t  immune  system  or  by  t  umor  cells,  it  has  been 
difficult  to  identify  a  single  component  of  the  inflammatory 
pathways  in  t  he  m  icroenvironment.  Howe  ver,  re  cent  a  t- 
tempts  to  target  tumor  microenvironment  have  yielded  excit¬ 
ing  results.  For  example,  statins  reduce  cancer  incidence,  and 
it  has  been  suggested  that  possible  mechanisms  for  t  his  ef¬ 
fect  involve  the  suppression  of  inflammation  and  angiogene¬ 
sis  in  the  microenvironment  [60].  Studies  have  further  shown 
that  the  chronic  use  of  NS  AIDs,  which  is  already  known  to 
reduce  colon  c  ancer,  [61]  i  s  a  Iso  associated  w  ith  a  striking 
reduction  in  the  risk  of  breast  cancer  [62].  This  study  found 
an  approximately  50%  reduction  in  breast  cancer  ri sk  with 
aspirin  us  e,  and  re  lative  ri  sk  droppe  d  t  o  0. 29  wit  h  s  pecific 
COX2  i  nhibitors.  T  hese  re  suits  une  quivocally  s  upport  t  he 
notion  t  hat  ta  rgeting  tumor  m  icroenvironment  m  ay  be  an 
effective  s  trategy  f  or  th  e  tr  eatment  o  f  cancer.  T  his  s  trategy 
may  prove  more  effective  by  targeting  multiple  molecules 
using  a  combinatorial  approach  in  the  tumor  microenviron¬ 
ment. 

Pathogenic  i  nfection  c  auses  acute  i  nflammation  whic  h 
initiates  sequence  of  events  such  as  activation  of  mast  cells, 
macrophages,  and  de  ndritic  c  ells  wh  ich  i  n  t  um  fa  cilitates 
entry  of  granulocytes.  This  event  is  followed  by  further  re¬ 
cruitment  of  m  acrophages.  These  s  equential  e  vents  set  t  he 
stage  for  infiltration  of  immune  cells  (lymphocytes)  to  initi¬ 
ate  immune  response  against  tissue  injury.  Finally,  the  tissue 
remodeling  proc  ess  b  egins  a  1 1  he  i  njury  s  ite  by  re  cruiting 
mesenchymal  cells  such  as  endothelial  cells  and  fibroblasts. 
These  c  ells  s  ynthesize  collagen  an  d  ex  tracellular  m  atrix 
(ECM)  also  form  new  b  lood  vessels  (neoangiogenesis).  Ul¬ 
timately,  the  pathogen  is  destroyed,  and  the  damaged  tissue 
is  repaired.  Therefore,  all  sequences  of  events  recede  to  their 
normal  state  and  homeostasis  maintained.  Contrast  to  orderly 
and  organized  sequence  of  events,  carcinogenesis  is  the  cha¬ 
otic  di  sorganization  of  inflammation  and  re  pair  m  echanism 
as  de  scribed  i  n  F  ig.  ( 1).  S  ince  carcinogenic  proc  ess  be  gins 
with  c  ell  m  utation  a  nd  hype  r  prol  iferation,  inflammation 
never  e  nds  (c  hronic  i  nflammation).  Unre  solved  inflamma¬ 
tion  1  eads  t  o  chronic  i  nflammation  and  homeostasis  i  s  not 
achieved.  T  his  di  sruption  of  t  issue  horn  eostasis  m  echanism 
can  in  turn  lead  to  another  wave  of  inflammatory  response, 
which  is  trying  to  repair  injured  tissue  by  further  promoting 
neoangiogenesis.  T  his  c  ontinuous  ne  oangiogenesis  1  eads  to 
invasive  a  nd  m  etastatic  s  tate  of  c  ancer.  T  his  is  c  onsistent 
with  t  he  idea  propos  ed  by  H  al  Dvora  k  that  “tumors  a  re 
wounds  that  do  not  heal”. 
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Fig.  (1).  I  nfl animation  and  tissue  repair  mechanism  during  normal  tissue  i  njury  (acute  i nflammation)  and  cancer  induced  tissue  injury 
(chronic  inflammation). 
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Inhibition  of  human  breast  cancer  cell  (MDA-MB231)  migration,  neoangiogensis  and 
tumor  growth  by  selective  disruption  of  annexin  II  function;  in  vitro  and  in  vivo  studies 
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Annexin  II,  an  abund  ant  phosph  olipid  b  inding  cell  surface  protein,  binds  tissue 

plasminogen  activator  (tPA)  and  functions  as  a  regulator  of  fibrinolys  is.  Annexin  II  also 
mediates  angiogenesis  and  enhances  tumor  grow  th  and  m  etastasis.  Ho  wever,  the  m  eehanism 
supporting  this  role  is  not  known.  Using  a  hum  an  breast  cancer  m  odel  we  found  that  invasive 
human  breast  cancer  cells  (MDA-MB231)  synthesize  annexin  II  and  tPA  .  Annexin  II  interacted 
with  tPA  in  vitro  leading  to  conversion  of  zymogen  plasminogen  to  the  reactive  enzyme  plasmin. 
Cell  surface  generated  plasm  in  inhibited  the  m  igration  of  MDA-MB  231  cells.  Silencing  of  the 
annexin  II  gene  in  m  DA-MB23 1  cells  abolished  tPA  binding  thereby  in  hibiting  tPA  dependent 
plasmin  generation.  Moreover  these  annexin  II  suppressed  MDA-MB23 1  cells  exhibited  reduced 
motility.  Immunohistochemical  analysis  of  pred  iagnosed  clinical  specim  ens  showe  d  abundant 
secretion  of  tPA  and  expression  of  annexin  II  on  the  surface  of  invasive  cancer  eells  whieh 
correlates  with  neovascularization  of  the  tumor.  Intravenous  administration  of  the  anti-annexin  II 
antibody  to  m  iee  bearing  MDA-M  B23 1  turn  ors  signi  ficantly  inhibited  turn  or  growth  possibly 
due  to  blocked  neoangiogenic  ac  tivity.  Taken  together,  these  data  suggest  that  annexin  II 
dependent  plasm  in  generation  may  be  an  early  event  switching  breast  cancer  from  the 
prevascular  phase  to  the  vascular  phase  with  the  possibility  of  metastasis.  Annexin  II  may  be  an 
attractive  target  for  therapeutic  strategies  ai  med  to  inhibit  neoangiogenesis  and  breast  cancer 


metastasis. 


